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Abstract

Boron-doped diamond (BDD) is a popular material for electrodes and it exhibits metal-like conductivity
when a sufficient quantity of boron atoms is incorporated in the diamond lattice. BDD has distinct
advantages over alternative electrode materials. It has diamond’s chemical stability and biocompatibility
in conjunction with excellent electrochemical characteristics including large potential window and low
background current. Thus, BDD has great potential as an electrode material in electrochemical sensors for
the detection of pharmaceutical compounds.

Of particular interest is the monitoring of the antidepressants venlafaxine (VF) and desvenlafaxine
(DVF). These pharmaceuticals are prescribed to those suffering from major depressive disorder,
generalized anxiety disorder, panic disorder and/or social anxiety disorder. However, they can have
adverse effects on the health and behaviour of aquatic life, and harmful quantities have already been
detected in nature. Monitoring of DVF and VF in a patient’s blood and urine is required to ensure correct
dosage levels, which in turn could mitigate environmental pollution. An electrochemical sensor with BDD
electrodes would be well-suited for this application.

In this research, two distinct BDD electrode materials were used for the electrochemical detection of VF
and DVF. For initial experimentation, arobust and well-established free-standing BDD electrode type was
utilized in a voltammetric study. Optimized detection conditions were achieved on hydrogen-terminated
BDD for DVF and oxygen-terminated BDD for VF in a 0.1 M H,SO4 solution (pH 0.6), yielding limits of
detection (LOD) of 0.31 uM and 0.17 uM and limits of quantification (LOQ) of 0.94 uM and 0.57 uM for VF
and DVF, respectively. The scanrate study demonstrated that the oxidation reactions for both compounds
are diffusion controlled. VF and DVF have excellent repeatability in the presence of several interfering
compounds, such as inorganic ions, sucrose, glucose, and dopamine. To assess the suitability of the
detection method, electroanalysis of VF and DVF in synthetic human serum, synthetic urine, and river
water was conducted. Besides, a commercially available BDD electrode chip was employed for VF and
DVF detection under optimized conditions. The measurement results of the different BDD electrodes were
compared; in particular, when the less robust commercial electrode chip was used, larger values of LOD
(1.9 uM and 8.0 uM) and LOQ (5.8 uM and 24.1 uM) were reached for VF and DVF, respectively. The
fabrication of analogue BDD-based electrochemical sensors by utilizing direct inkjet printing of diamond
nanoparticles on silicon substrates was evaluated in parallel. Various electrode designs were successfully
printed, however subsequent chemical vapor deposition of thin-film BDD did not satisfy the required
electrode quality. Notwithstanding, the use of a BDD electrode allows for the creation of a modification-
free and promising practical method for VF and DVF detection.
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1 Introduction

Depression is a severe mental health issue that affects hundreds of millions of people worldwide [1]. This
has led to a high usage of the antidepressants venlafaxine (VF) and desvenlafaxine (DVF) [2]. These
serotonin-norepinephrine reuptake inhibitors are compounds which combat the symptoms of depression
[3, 4]. It is therefore of high importance to monitor a patient’s blood concentration levels to limit the
excess intake and maintain treatment efficacy. Substantial amounts of both compounds VF (5% as VF,
29% as DVF) and DVF (45%) are excreted out of the body and end up as environmental pollutants. Also,
these antidepressants have been identified as a water pollutant on a large scale, both in wastewaters and
surface waters [5]. DVF and VF are toxic to aquatic life and poorly degradable and therefore it is crucial to
limit its presence in the environment, and they have therefore been placed on the European Union
watchlist [6, 7]. It is imperative that suitable methods are developed for the monitoring of VF and DVF in
clinical (biological fluids obtained from patients) and environmental samples.

An excellent technique fortheir detection is electrochemical sensing and conductive diamond is a material
that has garnered interest in this field in recent years. Diamond is a desired material for such application
due to its excellent properties, in particular its extreme mechanical performance, biocompatibility, and
chemical stability [8, 9]. Electrically conductive thin-film diamond, which is synthesized by using chemical
vapor deposition (CVD), is of particular interest for these applications. CVD allows for the coating of
different substrate materials by a thin film (micron-scale) of polycrystalline diamond. CVD has enabled a
wide field of applications for synthetic diamond and allows for the doping of boron in the diamond lattice.
This boron-doped diamond (BDD) is electrically conductive and serves as electrode material in
electrochemical (bio)sensors. BDD preserves diamond’s desirable features and functions as an electrode
with a wide potential window, low background and capacitive currents, and low signal noise. It can
outperform more standard electrode materials (e.g., platinum/silver) and other (sp?) carbon-based
electrodes [10].

In standard CVD diamond growth experiments, an entire substrate is usually seeded with diamond
nanoparticles and thin-film diamond growth takes place uniformly. Diamond patterning takes place post-
growth by using etching [11], lithography [12], or laser machining methods [13] in a cleanroom. These
methods are time-consuming, resource intensive and above all expensive. A simpler method for diamond
patterning is to use a bottom-up approach, in which the nanodiamond particles are seeded in the desired
pattern pre-growth, and thus CVD growth only takes place in desired locations. One of these methods is
inkjet printing. This technique allows forfreedom in electrode design and recent studies in our group [14]
have explored the patterned growth of BDD through inkjet printing for the manufacturing of miniaturized
electrodes. Further investigation into this technique is important to further improve the process and to
simplify the manufacturing of complex-shaped BDD electrodes for applications in electroanalysis.

The main objectives of this MSc thesis are to investigate and optimize the electroanalytical method for
the detection of DVF and VF on BDD electrodes and to employ the inkjet-printed three-electrode BDD
sensors for such purpose. The thesis is divided into six chapters, with the first being the introduction.
Chapter two encompasses a literature review on VF, DVF, and synthetic diamond. The third chapter
explains the research focus, while the fourth chapter delves into the research methodology. In chapter
five, the analysis of the obtained results is presented and discussed. Lastly, in chapter six, the research
conclusions are summarized, and the recommendations for future investigations are provided.



2 Literature Review

2.1 Pharmaceutical pollution

One of the areas where electrochemical BDD sensors can be applied is the detection of environmental
pollutants and specifically pharmaceuticals. In this chapter, first, the necessity behind sensing these
pharmaceutical compounds is discussed. Second, the antidepressants desvenlafaxine and venlafaxine are
investigated, and their current (electrochemical) sensing possibilities are described.

2.1.1 The pollution of the world’s rivers

In Figure 2.1, an overview of pharmaceutical pollution of the world’s rivers can be found as investigated
by Wilkinson et al. [5]. They studied the pollution levels of several rivers in each continent and found a
wide variety of toxic concentrations for several chemicals. The chemicals range from fluoxetine, which
was present at 0.1% of all tested sites, to carbamazepine, which was present in more than 60% of all
tested sites (Fig. 2.1a). Figure 2.1b also shows that many sites contain more than a single active
pharmaceutical ingredient (API). This means that toxicological effects could be even greater as APIs can
react with each other to more dangerous substances. It is therefore imperative that methods are
developed to detect these pollutants such that filtration steps can begin to take place. Many of these
chemicals have been researched with conventional electrodes and there has been a great deal of interest
in the use of BDD electrodes for these sensors [15-25]. Pharmaceuticals that have not yet been
investigated with BDD electrodes are desvenlafaxine and venlafaxine, even though they are present in
over a third of all examined rivers.
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Figure 2.1. (a) Frequency of detection of harmful concentrations of active pharmaceutical in gredients at sampling
sites, and (b) number of active pharmaceutical ingredients detected at amount of sample sites [5].

2.1.2 Background information on desvenlafaxine and venlafaxine

Both VF and DVF are used as anti-depressants to treat major depressive disorders and function as
serotonin-norepinephrine reuptake inhibitors (SNRI). A SNRI inhibits the reabsorption of serotonin and
norepinephrine on an axon after these compounds served their function as a neurotransmitter. These are



important for mood regulation. The reuptake is inhibited by blocking the action of transporters that
regulate the concentrations of extracellular neurotransmitters. As these re-uptake transport proteins are
blocked, the neurotransmitters will remain present at the synapse, and thus their overall concentration
increases. In Table 2.1 an overview of the physical-chemical properties of venlafaxine and desvenlafaxine
can be found.

Table 2.1. An overview of the physical-chemical properties of venlafaxine [3] and desvenlafaxine [4].

VF DVF
el {elmenermline - 4-[2-(dimethylamino)-1-(1-hydroxy
IUPAC name methoxyphenyl) e e S

ethyl]cyclohexan-1-ol ¥ ¥ vip

Molecular formula C17H27NO; C16H2sNO>

Molecular weight 277.4 263.27

Solubility in water at 25 °C 267 mg/L 3700 mg/L
. .. 9.45 (amine)
Dissociation constants (pK;) 9.5 10.66 (phenol)

VF can be seen as the first structure of Figure 2.2a and is usually sold under the name Effexor. It is a well-
absorbed chemical, a minimum of 92% of oral doses is absorbed. In the liver, it is metabolized into DVF
and functions as the active metabolite. Up to 5% is secreted out via the kidneys as unchanged VF and 29%
as DVF [27].

a OH
N/
\ ]
-e
O
CH,
Venlafaxine
0 o}
b
OH OH
-
N ~
\ -2e,-2H* I N\
0., 0

H

Desvenlafaxine

Figure 2.2 Chemical structure and likely oxidation scheme of (a) venlafaxine and (b) desvenlafaxine [26].



Synthetic DVF is usually sold under the name Pristig, and its chemical structure can be seen in Figure 2.2b.
In DVF a methoxy group is replaced by a hydroxy group, and this small change has a big impact on
performance as DVF is the active metabolite. The effects of DVF and VF are similar, as most of the
venlafaxine is metabolized into desvenlafaxine after intake. For DVF up to 45% is excreted unchanged out
of the body. This leads to high concentrations of DVF and VF in wastewater [28] before they find their way
into nature. In wastewater treatment plants only a mediocre degradation of DVF and VF takes place [29]
and it is sensitive to environmental conditions (other pollutants, temperature, etc.) which can further
inhibit remediation. Furthermore, barely any degradation of DVF and VF will take place after passing
through treatment plants, thus they end up as pollutants [30]. Other methods, such as adsorption using
clay or the introduction of reactants appear to have minimal effect on the degradation of DVF and VF
[31, 32].

DVF and VF present in wastewater end up in nature and will have an adverse effect on the health of
aquatic life. The behavior of aquatic invertebrates and vertebrates is affected, negatively influencing their
reproduction and survival [6]. Therefore, in 2020, the European Union considered DVF and VF suitable for
inclusion in the Surface water Watch List (WL) under the European Union Water Framework Directive [7].
The list contains monitoring data on emerging pollutants that pose a potentially significant risk to the
aquatic environment without adequate data to conclude.

2.1.3  Electrochemical sensing of desvenlafaxine and venlafaxine

There has only been a limited number of studies on the sensing of DVF using (carbon-based)
electrochemical sensors and these are typically combined with VF sensing. However, VF detection using
(carbon-based) electrodes is more widely reported. In Table 2.2, an overview of several different studies
with the found analytical parameters of DVF and VF is provided.

A common sensing technique is differential pulse voltammetry (DPV), whilst the pH and electrolyte vary
from one study to another. Also, all previously used electrodes are modified, a bare non-modified
electrode has not yet been investigated. Overall, Table 2.2 gives a good starting point for establishing the
sensing method when BDD electrodes are to be used. For practical applications the following information
has to be taken in to account. The recommended levels of DVF in blood plasma are between 0.4 uM and
1.5 uM and concentrations higher than 2.28 uM are cause for alarm. For VF, recommended levels are
between 0.35 uM and 1.45 uM, whereas a concentration above 2.26 uM is considered dangerous [33].
The concentrations found in hospital wastewater are significantly lower, 0.6 nM for VF and 2.5 nM for
DVF [34].

In conclusion, the presence of DVF and VF in our environment is of concern for aquatic organisms and
human health. Proper monitoring and eventual degradation of DVF and VF in wastewater and rivers
should be of paramount interest. Also, the common use of DVF and VF as antidepressants makes the fast
determination of sample concentrations in the medical field interesting. The current state-of-the-art of
electrochemical sensing of DVF and VF uses carbon nanotubes; this makes BDD with its superior
properties an electrode of promise for the development of improved sensor with desirable performance.



Table 2.2. An overview of reported carbon-based electrodes for the detection of desvenlafaxine and venlafaxine partially reproduced from Tran et al. [35] and expanded.

Electrode Electrolyte | pH Linear range | LOD Sensing Samples analyzed Ref.
(uM) (LMm) technique
Desvenlafaxine

NAF/CNT/ 0.1 M | 5.0 | 0.053-35.8 0.0211 AdS-DPV pharmaceutical formulations, urine, and blood serum [26]
GCE acetate

buffer
MWCNT/ 0.04 M|9.0 [1.7-21.1 0.7 CV, DPV pharmaceutical formulation, combined dosage form, and | [36]
ZnONPs/ BRB urine
CPE
C/SWCNTs/ 10 mM | 6.0 | 5.0—n.d. 2.0 CC, EIS pharmaceutical formulation, and urine [37]
MIP-ODV phosphate

buffer

Venlafaxine

Eu3* doped/NiO/CPE 0.1MPBS | 7.0 | 0.04-300 0.01 CV, DPV pharmaceutical formulation, urine, and synthetic serum [38]
MWCNTs/ CILE/CPE 0.1 M | 9.0 10.0 -500 0.47 cv pharmaceutical formulations, urine, and blood serum [39]

phosphate

buffer
Co—Pd Al,03/GCE BRB 7.0 | 0.00195-0.5 | n.d. SWASV, CV | pharmaceutical formulations, synthetic serum [40]
NAF/CNT/ 0.05 M| 7.0 | 0.0038-62.2 | 0.00124 | AdS-DPV pharmaceutical formulation, urine, and blood serum [26]
GCE BRB
VFMNPs/ BRB 7.0 | 0.01-10 0.006 EIS, CV, | pharmaceutical formulation, urine, and blood serum [41]
CPE DPV
NiCo-MOF/SPGE 0.1MPBS | 7.0 |- - CV, DPV pharmaceutical formulation, urine, and tap water [42]
MWCNT/ 0.1 M| 6.8 | 2.0-2000 1.69 SWvV pharmaceutical formulations [43]
RTIL phosphate

buffer
NiCo,04/ BRB 10.5 | 0.005-0.5 0.0034 | Cv, EIS, | pharmaceutical formulation and human plasma [44]
rGO SWV

The following abbreviations are used in the table: NAF, Nafion. MW/SW CNT, multi-walled/ single-walled carbon nanotubes. GCE, glassy carbon electrode. AdS-DPV,
adsorptive stripping differential pulse voltammetry. ZnONPs, zinc oxide nanoparticles. CPE, carbon paste electrode. BRB, Brit ton-Robinson buffer. CV, cyclic voltammetry.
SWASV, Square wave anodic stripping voltammetry. MIP-ODV, molecular imprinted polymer-desvenlafaxine. CC, chronocoulometric. EIS, electrochemical impedance
spectroscopy. VENMNP, venlafaxine imprinted polymer coated silica-coated magnetite nanoparticles. CILE, carbon ionic liquid electrode. MOF/SPGE, metal organic
framework/screen printed graphite electrode. RTIL, room-temperature ionic liquid. rGO, reduced graphene oxide. n.d. for not determined.




2.2 Synthetic diamond

This chapter begins with a background on diamonds and follows with the most widely applied techniques
used to synthesize diamonds. Three techniques are considered, these are detonation synthesis, high-
pressure-high-temperature synthesis, and chemical vapor deposition (CVD). CVD is considered in-depth
asit is most relevant for the focus of this project. A brief overview of diamond patterning methods is given
in the final section.

2.2.1 Diamond lattice and material properties

Diamond and graphite are both allotropes of carbon. Their difference lies in the structure of the carbon
atoms inside the unit cell. Diamond consists of so-called sp®> hybridized carbon atoms, this allows for
bonding to four neighboring atoms. This arrangement creates a cubic system (space group fd3m) wherein
tetrahedral bonds are made between equally spaced atoms. These bonds have an angle of 109° 28’ and
form an extremely strong covalent bonding network [8, 9]. This leads to diamonds having desirable
material properties such as extreme hardness, high electrical resistance, low thermal expansion
coefficient, high chemical inertness, low fouling, and wide optical transparency. Furthermore, diamond
has a wide range of variables that can influence material properties, such as grain size, graphite content,
and even doping with boron or nitrogen. An overview of the principal properties of diamond can be found
in Table 2.3

Table 2.3. Principal properties of diamond [45]

Property

Hardness 10000 kg/mm?
Tensile strength >1.2 GPa
Compressive strength >110 GPa
Young’s modulus 1.22 TPa

Density 3.52 g/cm?
Thermal conductivity 20.0 W/em K
Bandgap 5.45 eV
Resistivity 10%3-10'® ohm cm

These properties make diamond a material of interest in a wide variety of fields. As natural diamond is
expensive, has a bulky shape and there is no control over its contaminants, its practical use is limited.
Therefore, several methods to synthesize diamond in alab environment have been developed. Figure 2.3
illustrates how diamond is thermodynamically stable under high-temperature and high-pressure
conditions. Several of the synthesis techniques are in this region, such as HPHT and detonation synthesis
(marked as shock wave synthesis in the diagram). It is common knowledge that diamond also exists at
atmospheric conditions, yet in the phase diagram graphite is the more thermodynamically stable form of
carbon. The transformation from diamond to graphite is inhibited by the large amount of energy required
to convert between phases because of the strong covalent bonds. This is known as metastability and is
employed in CVD to create diamonds without high pressure.
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Figure 2.3 The phase diagram of elemental carbon with various diamond synthesis methods indicated [8].

2.2.2  Growth of synthetic diamond

Chemical vapor deposition (CVD) was developed with a desire to reduce the pressure at which synthesis
takes place. In CVD a heated chamber under a vacuum is utilized to deposit films on a substrate. For
diamonds, a carbon-containing gas, usually methane, is pumped into the CVD chamber and is decomposed
into radical carbon molecules which interact with (a combination of deposition and desorption) the
substrate. This process is not driven by thermodynamics but by kinetics. Consequently, the reaction can
form diamonds when it is not thermodynamically stable according to the phase diagram. When these
diamond structures are formed, they will stay as diamonds due to the previously discussed metastability.
The diamond formation process can be divided into three steps:

1. Diamond nucleation
2. Growth of diamond aggregates
3. Growth of the diamond layer

2.2.2.1  Chemistry of CVD

The key aspect of the diamond formation process is hydrogen gas. The carbon precursor is diluted with
hydrogen gas and together they form the reactants. These reactants enter the CVD chamber and are
activated, this process decomposes H, into atomic hydrogen. This atomic hydrogen is a critical component
of several main processes [46]:



The atomic hydrogen radicals react with the carbon precursor gas to form reactive carbon
radicals. These carbon radicals react with the nucleation layer consisting of diamond
nanoparticles to form the diamond film.

Dangling bonds are present at the surface of the diamond bulk. These bonds must be terminated
to prevent cross-linkage, which would lead the surface to restructure to graphite. Either hydrogen
or OH is used to terminate these bonds and thus stabilize the diamond. However, for diamond
growth, the dangling bonds need to react with carbon-containing species.

The excess atomic hydrogen radicals can react with the surface hydrogen to create a dangling
bond thereby establishing a reaction cycle until the bond reacts with a carbon-containing species.
Many different CH, compounds can be formed when carbon-containing radicals react with each
other. Hydrogen atoms are efficient in cracking these hydrocarbons and thus ensure that no
polymers or other long carbon chains can be formed which would limit the diamond growth. An
overview of such reactions taking place between methane and hydrogen in the gas phase of a
CVD process can be seen in Figure .4. It is generally accepted that the CHs radical contributes the
most to the growth of diamond.

During the growth process, graphite is formed on the surface as well according to the Ostwald-
Vollmer law [47] due to graphite’s lower density. These graphite layers etch much faster with
atomic hydrogen than diamond does. The hydrogen thus “cleans” the surface by removing
unwanted graphite.

Besides the requirement of a significant amount of hydrogen, there are several other CVD parameters
that are important and some of which can be adjusted slightly. These are the carbon-to-hydrogen
ratio (99.5%-87% H,), the system pressure (5-100 mbar), and substrate temperature
(700 °C - 1000 °C) [48]. The carbon-to-hydrogen ratio influences the growth rate. More carbon leads
to faster growth but also increased graphite content. Lower pressure can promote the formation of
atomic hydrogen. A substrate temperature of 800 °C is considered optimal, above 1000 °C graphite
forms, and below 600 °C diamond growth is hampered.
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Figure 2.4. The gas-phase reactions of the reactants (methane and hydrogen) in the diamond CVD chamber.
The arrows show which molecules are reacting with each other. [47]

A crucial factorin the growth of diamond is nucleation. Control over it is essential for optimizing the grain
size, grain orientation, optical transparency, adhesion, and surface roughness of as-grown films.
Nucleation is the generation of small diamond nuclei and clusters at the substrate surface. A low
nucleation density can have adverse effects on the quality of the diamond grown. For instance, a lower
nucleation density leads to a thicker film before the entire surface is covered and no pinholes to the
substrate are present, as diamond growth happens in all directions equally from a nucleation point [3].
Low nucleation density can also lead to the presence of voids. When film coalescence is achieved,
diamond growth no longer takes place beneath the film and thus any voids persist. This has a negative
effect on the adhesion between diamond and substrate, also thermal transfer is diminished. Nevertheless,
voids can have desired effects as well, as they can accommodate strain and thermal expansion.

2.2.2.2  Diamond material types

Diamond can be further characterized by its crystal structure. There are two main categories; single
crystalline diamond (SCD) and polycrystalline diamond (PCD). SCD consists of a singular continuous crystal
that extends unbroken between all edges as can be seen in Figure .5. SCD can be grown by two different
methods, homoepitaxy, and heteroepitaxy. Homoepitaxial films are grown on existing high-quality
polished SCD substrates, whereas heteroepitaxial films are grown on a non-diamond substrate. Iridium
has been found to allow for the highest crystalline quality. However, silicon wafers are popular due to
their availability. In general, homoepitaxial films are of better quality than heteroepitaxial films. However,
heteroepitaxial films can be grown at a much larger size. Although both homo- and heteroepitaxial films
have their own fields of application, they overlap each other’s fields significantly [49].



PCD consists of multiple crystals or grains of diamond, where each has its own size, orientation, and
structure. The creation of this polycrystalline structure begins during the initial stage of diamond growth.
The film is still non-continuous and consists of isolated growth locations. These growths expand, meet
one another and coalesce into the diamond film as time progresses [9]. These growths form the crystals
of the PCD structure and atthe locations where the individual growths intersect, the grain boundaries are
formed. At these grain boundaries, sp? carbon and hydrogen are present. The grain boundary volume is
thus related to the purity of the diamond film. Grain size is directly related to the number of grain
boundaries, therefore four divisions in microstructure are made: micro-crystalline (MCD, >1 um) diamond,
sub-micro crystalline diamond (200-1000 nm), nano-crystalline diamond (NCD, 10-200 nm) and ultra-
nano-crystalline diamond (UNCD, < 10 nm) [9]. Figure 2.5b-c shows SEM images of these types of
diamonds.

For the growth of micro- or sub-micro crystalline diamonds initial nucleation density is low (<10%°%/cm?).
The grains exhibit a clear column structure as they grow. This leads to the diamond coarsening as it
thickens and the root mean square (RMS) roughness value is typically ~10% of the film [50, 51]. For most
applications post-treatment is required to decrease the roughness. A high hydrogen environment (~ 99%)
and low methane content are essential for the growth of MCD, as this limits the secondary nucleation
rates (the formation of new grains/crystals on existing ones). For systems with a higher methane content
(>3-5%) secondary nucleation is encouraged. NCD combines this with a higher initial nucleation density
(>10'?2 / cm?) to achieve its smaller grain size. NCD has a lower surface roughness, but a higher sp?
percentage than MCD or sub-micro crystalline diamond. The growth of UNCD diamond differs from MCD,
sub-micro crystalline diamond, and NCD in the use of an argon-rich environment instead of a hydrogen-
rich environment. The high argon concentration induces a large amount of re-nucleation and the
formation of a large number of small grains. Compared to MCD and NCD diamond, UNCD has a
significantly larger amount of sp? carbon as grain boundaries make up 10% of the total volume. The larger
amount of sp? and smaller grain size influences the properties of the diamond film. It was found by Cheng
et al. [52] that: UNCD has lower thermal conductivity, stiffness, and hardness. In contrast, the minimal
thickness of the film is dependent on grain size, thus small grain sizes allow for the creation of thinner
films. Moreover, for UNCD the grain size no longer determines the surface roughness and allows for the
creation of smoother films [51, 53].
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Figure 2.5. SEM images of d/fferent'diamond material types, (A) CVD grown single crystalline diamond (2.5 x 2.5x
0.3 mm) [54], (B) microcrystalline diamond [50], (C) nanocrystalline diamond [50], and (D) ultra-nanocrystalline
diamond [50].

2.2.2.3  Growth of synthetic diamond.

Microwave CVD (MWCVD) is a form of plasma-enhanced CVD (PECVD) and is the most commonly used
deposition technique. Other, less popular methods to generate plasma are radio-frequency (RF), direct
current (DC), and arc plasma jet [9, 46, 48], and are not discussed in depth here. All have in common that
hot plasma is generated inside a reaction chamber of stainless steel ora tube of quartz glass. For MWCVD,
microwaves (~2.45 GHz) are guided into the chamber using a waveguide. A ball-shaped plasma, confined
to the center of the chamber and touching the substrate, is formed. This plasma generates atomic
hydrogen and allows for the creation of radical hydrocarbons similar to the filament in HFCVD. The
generated atomic hydrogen has high kinetic energy and the collisions between the molecules in the
chamber lead to a high ionization rate.

2.2.3 Doped diamond

In this work, diamond-based electrochemical sensors are of interest. Applications of undoped diamond
are more limited as diamond itself cannot transfer electrical signals. Thus, its (passive) use is mainly limited
to mechanical resonators or transparent coatings. This can be changed by doping diamond with another
material during the growth process, modifying the electric or optical properties [9, 55, 56]. Currently
known doping elements are boron, nitrogen, phosphorus, sulfur, and arsenic.

Boron-doped diamond (BDD) is created by adding diborane ortrimethyl borane among the reactant gases
in CVD. BDD is widely used in electrochemistry, as it has low background and capacitive currents, a wide
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solvent window, and all the advantages of undoped synthetic diamond. The amount of doping influences
the electrical conductivity: at low doping levels (< 10'° atoms/cm3), BDD functions as a semiconductor,
whilst at high doping levels (= 10%° atoms/cm3) it acts as a semi-metal with high conductivity. For highly
doped BDD, the resistivity can range between 1072 and 107 Qcm. This can be modified by altering the
boron concentration.

To manufacture p- and n-type conductive diamond coatings, boron and nitrogen/phosphorus are used,
respectively. However, the equilibrium solubility of nitrogen dopants in bulk diamond is often incredibly
low. Nevertheless, doping of nitrogen also allows for the creation of nitrogen-vacancy (NV) centers, which
have become popular for optical applications and quantum computing, among others. NV pairs are
created by replacing two carbon atoms in the lattice with a nitrogen atom and a vacant atom. The NV
centers can have certain charge states (NV-, NV°, and NV*) that depend on electron orbit and create color
centers. Different luminescence can be achieved, depending on the concentration and number of each
charge state [57]. Phosphorus has been used successfully to produce n-type diamond [56]. Phosphorus-
doped diamond (PDD) is less investigated than BDD and typically much lower conductivity is reached.

Another method in which BDD films can be modified is in the chemical groups (CO,0,H) present at the
surface of the film, this is known as surface termination. The first of which is hydrogen-terminated (or H-
BDD) surface [58]. As-grown BDD films are hydrogen-terminated as growth is conducted in a hydrogen
rich environment. Hydrogenated surfaces have general hydrophobic properties and can also be achieved
by hydrogen plasma treatment or cathodic pretreatment. When a large number of oxygen groups (e.g.,
C-OH, C-0-C, and C=0) are present an oxygen-terminated (O-BDD) surface is created. The electrons in
these groups are more attracted to the carbonaceous atoms of the BDD surface, which results in a partially
negative charge of the oxygen atoms. The following techniques can be used to create oxygen terminated
surfaces: wet-chemical etching, dry-chemical oxidation, mechanical treatment, and anodic pre-treatment.
Oxygen-enriched surfaces are overall more stable, while hydrogen-enriched surfaces oxidize over time.
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2.3 BDD-based electrochemical sensors

One of the most prominent uses of BDD is the development of electrochemical sensors; this application
therefore deserves a more in-depth look. To understand why BDD is an excellent electrode material an
understanding of electroanalytical, particularly voltammetric, techniques is required.
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Figure 2.6. The potential windows of several electrode materials, BDD included as ‘diamond’ (in red) [59].

In electrochemical sensors, a set of electrodes is employed as the main component. For the sensor to
work, two electrodes are required — the working electrode (WE) and the counter/auxiliary electrode
(CE/AE). The sensing process takes place at the WE, which simultaneously controls the magnitude of the
current generated due to the oxidation or reduction of the electroactive compound. The AE enables
current flowing and its surface area is typically significantly larger than that of the WE. Often a third
electrode is added to create a three-electrode cell —the reference electrode (RE). The RE has a known and
fixed potential and no current may flow through the RE as this would alter this potential. The potential
placed onthe WE is determined by the RE by measuring the voltage between them. By varying the voltage
over the WE and measuring the current, oxidation and reduction peaks can be found as electrons move
between the WE and the electroactive analyte solution.

Every electrode material has its potential range and analytes must be oxidizable and/or reducible inside
this range for detection to be possible. The potential window of BDD can be seen in Figure 2.6 (in red
color) and is compared to several other common electrode materials. The electrochemical window of the
BDD is the largest and thus offers a superior application range for possible analytes. Besides the potential
windows, the background currents of various electrode materials can be seen as well. The magnitude of
the background current is one of the limiting factorsin an electrode's sensitivity, as it can mask the signal
of the analyte, and thus increase the limit of detection (LOD). BDD has an exceptionally low background
current and often provides an remarkable signal-to-noise ratio.

Additionally, BDD shows a large resistance to (bio)fouling and is chemically inert. This is in contrast to
metallic or sp? carbon-based electrodes which often have a problem with adsorption and fouling effects
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that increase the contamination on the electrode surface and negatively affect the repeatability of the
measurements [60]. Besides, such fouling significantly increases the background current and thus lowers
signal-to-noise ratios and sensitivity. When the superior electrochemical behavior of BDD is combined
with diamond's robust physical characteristics an attractive alternative to traditional electrodes is formed.

Interesting feature of the BDD is that its surface termination can be modified by anodic or cathodic
pretreatment, which lead to the preparation of oxygen enriched (O-BDD) or hydrogen-terminated (H-
BDD) electrodes, respectively. Naturally, this influences the electrochemical characteristics and
performance of the BDD electrodes [61]. Figure 2.7b shows the difference in results between hydrogen-
terminated (green) and oxygen-enriched (orange) surfaces for ferrocyanide [Fe(CN)g]3/*. [Fe(CN)s]3/*
redox reactions are an inner-sphere processes and therefore largely dependent on the surface
characteristics. The O-BDD surface is partially negatively charged and will thus interfere with the reaction;
electrostatic repulsion of anionic [Fe(CN)e]3/* is expected [62]. This results in increased peak-to-peak
separation, and can be used as an indicator for the surface characteristics. Figure 2.7a displays the results
for BDD electrodes with various levels of boron doping and the effect they have on the redox reaction of
[Ru(NHs)s]?*/2*. This redox reaction is of outer-sphere nature, and is thus independent of the surface
termination and other BDD’s surface characteristics. However, [Ru(NHs)s]3*/2* is sensitive towards density
of states and can be used as a suitable indicator for boron doping levels, and thus conductivity. The lower
boron doping will lead to poorer conductivity, which makes the electron transfer more difficult; this is
then manifested by an increase in the peak-to-peak separation of oxidation and reduction peaks.
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Figure 2.7. Cyclic voltammetry results obtained for, a) Ru(NHz)s>* on BDD electrodes with different boron
concentrations, and b) Fe(CN)s* on either hydrogen-terminated or oxygen-enriched BDD surfaces [63].

Moreover, the electrochemical characteristics of BDD electrodes can be further fine-tuned by the sp3/sp?
carbon ratio. Graphite (sp?) is typically found at the ground boundaries due to defects during growth. On
one hand, it can act as a charge transfer mediator between the BDD and redox couples and can thus
accelerate electrode reactions [64]. On the other hand, BDD electrodes with high sp? content act more
like graphite electrodes and have deteriorated electrochemical behavior, often manifested by higher
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background currents and a smaller potential window [65]. These consequences make the use of sp? in
BDD electrochemistry a controversial topic.

2.4 Patterning of diamond

For the use of diamond in applications a
patterning step must take place. In this step,
the desired shape is given to the grown
diamond film as it usually covers the entire
substrate wafer. This is done with a top-down
method such as dry etching or cutting. For
cutting, a laser is usually used to remove
unwanted parts of the bulk. For etching, a
mask with the desired pattern is created and
placed on the bulk. An etching method is
chosen (e.g., deep reactive ion or plasma
etching) which can achieve the desired
effects. The mask protects the selected parts
of the bulk whilst other parts are selectively
removed. Both these methods create waste
and subject the diamond film to another

processing step. This can be avoided by using  Figure 2.8. SEM image of an array of nanocrystalline
bottom-up patterning. diamond disks produced on a Si substrate [66].

In bottom-up approaches, only the desired pattern of the diamond film is grown. This is achieved during
the seeding process, wherein only the pattern is seeded. One method to pattern CVD diamond films is by
making use of a mask. The mask may be printed onto the substrate (e.g., by two-photon polymerization
of photosensitive resin) and acts as a negative of the desired pattern. Seeding takes place and seeds are
deposited on both the mask and substrate. By removing the mask, a seed pattern is left behind on the
substrate. This pattern can then be grown to create the desired diamond film shape. Alternatively, a
porous mask may be applied as the growth template during the diamond growth to produce micro-pillar
arrays [67].

A second method to fabricate diamond structures utilizes screen printing. This technique is used for the
manufacture of electrodes and the method has been developed by the group of Kondo [68—73]. Diamond
powder (<500 nm) was coated with a layer of BDD using MWCVD and post-treated to remove impurities.
This boron-doped-diamond powder (BDDP) was mixed with polyester (Vylon GK-140) resin in solvents (2-
butanone and isophorone) to create a BDDP-ink paste. This was used in a screen printer to print an
electrode with a diameter of 6 mm. All current screen-printing methods have a major downside in
common: the use of toxic solvents. The method of Kondo and Matsunaga has this as well, a potential
future solution is non-toxic aqueous solvents [74]. The elimination of toxic solvents would make this a
viable method for large-scale manufacturing of diamond electrodes and microelectronics in general.

Another method to achieve this was investigated at TU Delft by Sartori et al. [66]. They used an inkjet
printer with a diamond containing ink to selectively seed parts of a silicon substrate. This is a fully digital
technique and requires no mask for each design. Figure 2.8 shows an all-diamond print pattern forming
the letters “T” and “U” of the TU Delft logo. The letters were formed by nanocrystalline diamond disks
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and in the figure appear as white circles. After the ink had evaporated, only the nanodiamond seeds were
left behind and circular seed areas with a diameter of ~¥38 um were created. These seed locations were
used to create suspended NCD micro-disk resonators by growing the NCD on the Si substrate and then
partially etching the silicon to suspend the disks. Further research by Liu et al. [14] has continued with this
technique. By pretreating the surface the ink drops become connected and can be used to create a
patterned structure. Figure 2.9 presents a schematic view of this method. The diamond ink would create
a continuous path, and after the ink evaporates a pattern of nanodiamond seeds is left behind.

Diamond

Print head
nanoparticle

Diamond ink

o—"—" "

Seletive area
seeded path

Figure 2.9. A schematic overview of selective area seeding using inkjet printing.

The feature size of this method depends on the printing resolution. A combination of minimum droplet
size and droplet contact angle defines this resolution. This makes surface wettability and nozzle
characteristics important criteria in inkjet printing. To evaluate ink printability the dimensionless
Ohnesorge (Oh) number can be used. This number gives an evaluation of the relation between viscosity,
surface tension, and internal forces. An Oh below 0.1 results in satellite droplets forming behind the main
droplet, and an Oh above one results in the ink becoming too viscous. Also, the ink has to have sufficient
energy for droplet formation and no splashing should take place when hitting the substrate [75]. Another
aspect is the coffee-stain effect, a phenomenon that inks containing (diamond) nanoparticles suffer from.
The deposition of the nanoparticles is influenced by the evaporation rate of the ink. Capillary flows are
generated as the edges of the ink droplet evaporate; these push the nanoparticles from the center to the
edge. Mitigation is required to ensure the proper distribution of the diamond nanoparticles [76].
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3 Project proposal

In this chapter, the MSc thesis project is outlined. To start with, the goal of the thesis project is explained.
Secondly, the main research question and sub-questions are presented.

3.1 Research objective

The main goalis to fabricate a three-electrode sensor forthe reliable detection of DVF and VF. The sensor
will comprise of BDD working and counter miniaturized electrodes, which will be manufactured by inkjet
printing of diamond nanoparticles and subsequent CVD growth of thin-film BDD. In the literature, it was
found that DVF and VF are electroactive and can be detected using carbon-based electrodes such as
carbon paste [36, 41] or glassy carbon electrodes [26]. Therefore, it is of interest to investigate these
compounds using BDD because it has superior electrode properties compared to other carbon-based
materials. It must be evaluated if diamond (sp® carbon) is a viable carbon allotrope for the detection of
DVF and VF and if a higher content of sp? carbon will allow for better detection parameters. The optimal
supporting electrolyte (its composition and pH value) will have to be found in combination with the best
voltammetric technique. Contaminants are often present in nature and thus their effects on DVF and VF
detection should be investigated.

3.2 Research questions

Main research question: How can inkjet-printing manufactured boron-doped diamond be applied as a
sensing material for the electrochemical detection of DVF and VF?

Sub questions:
1. Can DVF and VF be detected on as-produced non-modified boron-doped diamond (BDD)?
2. To what extent do the following BDD thin-film material properties affect the sensor performance?
a. Type of surface termination (H-BDD vs. O-BDD).
b. The relative content of sp? carbon.
3. What is the effect of interferents on the selectivity and sensitivity of the proposed BDD-based
sensor?
4. How to manufacture miniaturized (feature size of millimeters) BDD electrodes using inkjet printing?
5. Which miniaturized electrode design is best suited for the detection of DVF and VF?
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4  Methodology

In this chapter, the experimental methods, materials and setup are explained. The chapter is divided into
two different parts: a section about the inkjet printing and a section about the electrochemical
experiments.

4.1 Inkjet printing

4.1.1 Ink formulation

Two different ink types were prepared for the fabrication of the various electrodes, namely a
nanodiamond ink for the WE and CE and a silver ink for the RE. To create a solution with 0.1 % (wt./vol)
nanodiamond concentration, a 5.0 % (wt./vol) colloid (NanoCarbon Research Institute, Japan) was diluted
by glycerol and deionized water (1:1 volume ratio). The method for nanodiamond ink preparation was
investigated in previous work by our group [14]. Commercially available silver ink (25 wt.% Metalon JS-
B25P, NovaCentrix) with 75 nm nanoparticles was purchased and used for the printing of the reference
electrode.

4.1.2 Substrate and surface pretreatment

Silicon/silicon dioxide wafers (300 nm thermal SiO, dry/wet/dry layer, MicroChemicals, Germany) with a
thickness of 525 + 25 nm, a resistivity of 103-10° Q cm and a 4-inch diameter were used as printing
substrates. The hydrophilicity of the substrates was increased by oxygen plasma treatment (12 seconds
at 20 W with a Diener Femto plasma setup). The pretreatment allowed for homogeneous distribution of
the nanodiamond ink to create an uninterrupted pattern, as the individual droplets coalesce.

4.1.3 Inkjet printing of electrodes

A PIXDRO LP-50 advanced research printer was used for printing of the nanodiamond and silver inks, an
image of which can be seen in Figure 4.1. It utilizes piezoelectric nozzles and drop-on-demand technology
to facilitate high control over the printing process. The printer has a precision of £5 um and an accuracy
of £15 um. It contains a DMC printhead module wherein the ink cartridges are to be placed. For this
project, new DMC-samba printhead cartridges were used for the printing of the nanodiamond ink. The
cartridge has 12 square nozzles and ejects 2.4 pL droplets. An additional filter was used before filling the
cartridge, this removes large particles and prevents clogging. The silver ink was prone to clogging the
DMC-samba nozzles, therefore an older DMC-11610 printhead was used. The printhead has sixteen
square nozzles and ejects 10 pL droplets, the larger droplet size reduces clogging chance. The printer prints
a bi-directional pattern along the Y-axis, whilst the head was heated to a temperature of 29 °C.
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Figure 4.1. The Pixdro LP-50 inkjet printing setup used for seeding the nanodiamond particles.

4.1.4 Electrode print post-processing

After printing of the nanodiamond ink, the Si/SiO, wafers were placed in a vacuum oven for 1 h at 60 °C
to evaporate all solvents and leave behind a nanodiamond-seeded pattern. A Binder VD23 vacuum oven,
which can reach a minimum system pressure of 0.001 mbar, was used to further process the printed
electrode patterns. Following, the wafers were ready for BDD growth (for the details of this growth
process see section 4.1.5). After BDD growth, an Optec micro laser cutter was used to dice the wafers into
individual sensor chips. The Optec is equipped with a 15 W Talon UV nanosecond laser. A diode current
of 6 A was used in combination with 100 cut repetition to engrave lines, and thus weak points, into the
wafer. The wafer was then placed on a slight elevation and carefully broken along the engraved lines.

After dicing of the wafer, a silver RE was printed on each sensor. The sensors with a silver RE were then
placed on a hot plate for 5 min at 100 °C. This evaporates the ink solvents and leaves behind silver
nanoparticles. The electrodes were placed in the vacuum oven for 1 h at 250 °C to sinter the silver [77].
This process improves adhesion of silver to the substrate. A vacuum oven was chosen to minimize the
formation of silver oxides on the electrode, as this would interfere with the electrochemical
measurements.

4.1.5 BDD growth

The growth of the BDD layer was carried out by the University of Hasselt (Hasselt, Belgium). An ASTeX
6500 series microwave plasma enhanced CVD reactor was used and a mixture of CHg, Hy and trimethyl
boron was applied with gas flow rates of 5/395/100 sccm, respectively. As a result, a boron/carbon ratio
of 20000 ppm (trimethyl boron was diluted to 1000 ppm in H;) and 1 % CH,4 concentration were present
in the reactor chamber. The BDD growth took place at the following deposition parameters: working
pressure of 40 mbar, microwave power of 3500 W, growth time of 14 hours and a deposition temperature
of >500 °C.

Additional BDD layer growth was performed at the Institute of Physics of the Czech Academy of Sciences
(Prague, Czech Republic). An ASTeX 5010 (Seki Technotron, Japan) deposition system was used with the
following conditions: 0.5% of methane in hydrogen, a gas pressure equal to 50 mbar, a microwave power

19



of 1150 W, a substrate temperature of 750 °C and a growth duration of 10 h. Boron doping was obtained
by the addition of trimethylboron in the gas phase as a boron precursor for a B/C ratio of 4000 ppm.

4.2 Electrochemistry

4.2.1 Reagents and solutions

Both VF and DVF were acquired from Sigma-Aldrich. They were obtained in the form of venlafaxine
hydrochloride (C;7H,7NO,*HCI) and desvenlafaxine hydrochloride (CigH2sNO,*HCI) and are of analytical
reagent grade. For the experiments, a stock solution of 1 mM dissolved in a mixture of deionized water
(15 MQ cm, 1Q 7003) and isopropanol (IPA) (1:1) was created. This solution was then diluted in the selected
electrolyte to the desired concentration. Both solutions were stored in the dark, VF at room temperature
and DVF in the fridge at 4 + 1 °C. The following chemicals, used for the preparation of supporting
electrolyes, were acquired from Sigma-Aldrich as well: sulfuric acid (97%), sodium hydroxide, potassium
nitrate and phosphate buffered saline (tablets, pH 7.4). All electrolytes were prepared in purified water
to create solutions of 0.1 M sulfuric acid, 0.1 M sodium hydroxide and 0.5 M potassium nitrate with pH
values of 0.7, 13 and 5.9. Furthermore, universal Britton -Robinson buffers (BRB) were made with pH
ranging from 2.0 to 12.0. These were prepared by mixing an acidic solution of ortho-phosphoric acid
(85%), acetic acid and boric acid (all acquired from Sigma Aldrich) and mixing it with 0.2 M sodium
hydroxide to reach the desired pH value. The pH value was measured by a Metrohm 913 pH meter,
laboratory version. Similarly, both redox couples were obtained from Sigma-Aldrich, in the forms of
potassium hexacyanoferrate(ll) trihydrate (299%) and hexaammineruthenium(ll) chloride (98%). They
were dissolved in a potassium nitrate (0.5 M) to a 1 mM solution and used for electrochemical
characterization of the electrodes.

The following chemicals are all of analytical grade and acquired from Sigma-Aldrich to be used in the
interference study of the compounds VF and DVF (see section 4.2.3). The interfering compounds of
glucose, ascorbic acid, uric acid, sucrose and dopamine were dissolved to their desired concentrations in
the selected electrolytes. A synthetic urine matrix was created based on the procedure proposed by Dbira
et al. [78], 3.3 g/L Urea (55 mM), 0.05 g/L uric acid (300 uM), 0.166 g/L creatine (1.3 mM), 0.166 g/L
NaHCO3 (2 mM) and 0.025 g/L Na,HPO,4 (180 uM). 250 mL of river water was procured from de Schie in
Delft as well. Additionally, a synthetic human serum matrix was created according to the procedure
proposed by Parham and Zargar [79]: 1.3 g of NaCl (87 mM), 0.16 g of NaHCO3 (7.9 mM), 29 mg of aspartic
acid (0.88 mM), 9.1 mg of alanine (0.41 mM), 10 mg of arginine (0.21 mM), 9.1 mg of lysine (0.20 mM),
6.6 mg of phenylalanine (0.16 mM), 2.3 mg of glycine (0.14 mM), 3.2 mg of serine (0.12 mM), 6.3 mg of
histidine (0.12 mM), 3.7 mg of tyrosine (81 uM), and 3.5 mg of tryptophan (69 uM) were dissolved in
deionized water in a 250 mL volumetric flask.

4.2.2 BDD electrodes

A BDD electrode (700 pum thick, boron concentration of 3 x 10%° atoms/cm?3) was supplied by Mintres B.V
and used for the electrochemical experiments characterizing DVF and VF. Both sides of the electrode,
nucleation, and polished growth side, were used for experiments. This is a free-standing electrode (FSE).
The nucleation side was the area attached to the substrate and thus where seeding took place, whereas
the growth side is exposed to the reactor. The growth side is usually characterized by larger grain sizes
and lower sp? carbon content [80].
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4.2.3 Electrochemistry experiments

An Autolab PGSTAT128N operated by Nova 2.1 software (Metrohm, The Netherlands) was used to
conduct electrochemical measurements. The BDD WE was employed with a silver-silver chloride electrode
(RE-1BP from ALS co.) as RE and a 23 cm platinum wire (catalog No. 012961 from ALS, Japan ALS co.) as
CE to create a conventional three-electrode setup. The electrodes were placed inside a Teflon cell with
5 mm diameter hole for the BDD WE exposure to the solution, and both the CE and RE were submerged
inside. All experiments were performed in laboratory conditions (23 °C).

Several voltammetric techniques were applied to perform the experiments. The first was cyclic
voltammetry (CV). In CV the voltage is swept from zero to a positive value to a negative value and back to
zero. For each CV scan this was done three times to verify its accuracy. Another similar method used is
linear sweep voltammetry (LSV). Unlike CV, in LSV the potential applied only sweeps from zero to a desired
positive value for a anodic scan, and negative value for a cathodic scan.

To develop a sensitive and reliable method a more robust technique was used, differential pulse
voltammetry (DPV). InDPV a constant potential pulse (Epuse) is superimposed on a dc-potential (Epegin) and
increased by a potential step (Estp) after each pulse. The current is sampled before (i;) and at the end of
(i) the potential pulse and the difference is graphed versus the potential, a scheme of DPV pulse
waveform can be found in Figure 4.5. DPV has several advantages over CV, it has lower capacitive currents
(higher sensitivity) and better-developed peak-shaped signals (easier to distinguish similarly positioned
oxidation peaks). The initial values for the significant DPV parameters are: Epyse 0f 60 mV, Estep of 15 mV
and tin: of 50 ms.

Two surface terminations were tested for the BDD electrode, namely a oxygen-enriched surface and
hydrogen terminated one . To alter the BDD surface termination, two different pre-treatment procedures
were employed, anodic oxidation and cathodic hydrogenation. For each method, 20 minutes of either
+2.4 V (anodic mode) or —2.4 V (cathodic mode) was applied to the BDD electrode in 0.1 M H,S0,4, and
between individual measurements the treatment was reapplied for 30 s in the solution. The anodic
potential will create an oxygenated BDD (O-BDD) surface and the cathodic potential a hydrogenated BDD
(H-BDD) surface. The ferrocyanide solution was used to determine the effectiveness of each method.

Initial measurements were made for the characterization of the FSE. CV was used to determine the
potential window and double-layer capacitance of FSE. The double layer capacitance (Cy) can be
determined by the following equation Cy= Alay/V Ageom, herein Alay is the average background current
difference between the forward and backward CV scan (in A), v is the used scan rate (0.1 V/s), Ageom is the
area of the electrode exposed to the measured solution (20 mm?2). Acidic (0.1 M H,SO4), neutral
(Phosphate Buffered Saline, PBS) and alkaline (0.1 M NaOH) media were all investigated.

Furthermore, ascan rate study (10, 25, 50, 75, 100, 125, 150, 200 and 250 mV/s) was performed using the
redox couples [Fe(CN)s]3/* and [Ru(NHs)e]3*/2*. The data obtained with [Ru(NHz)s]3*/2* redox markerwere
used in the Randles-Sevcik equation for the determination of the effective electrode surface area (Aes).
The Randles-Sevcik equation for a reversible process is as follows: /,=2.69x10° n*? Ass DY2v¥2co. N is the
number of exchanged electrons (i.e., 1), D is the diffusion coefficient of [Ru(NHz)s]3*/%* (7.7 x10°¢ cm?/s),
v is the scan rate, co the concentration (1 mM), and /, the peak current
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An initial investigation into VF and DVF was performed. Here both O-BDD and H-BDD terminated surfaces
on the nucleation and polished growth side of the FSE were tested. 100 uM solutions of VF and DVF in
acidic (0.1 M H,S0q), neutral (PBS) and alkaline (0.1 M NaOH) were investigated. The measurements were
made using CV, and LSV.

After the initial measurements, a more in-depth investigation into the influence of the pH values was
performed. The VF and DVF Britton-Robinson (pH 2-12), sulfuric acid (pH 0.7) and sodium hydroxide (pH
13) solutions were tested with the standard DPV parameters on both types of surface termination. The
crucial DPV parameters were further optimized under optimal pH conditions. The following ranges were
tested: Epyise 10-200 mV, Egtep 5-25 mV, and tinc 10-70 ms. First, the optimal Eyyse was determined (while
other two parameters were kept constant), this value was then used in the determination of tj+ and
similarly both optimized values are used for the assessment of Eitep.

_ Estep
scanrate
—Pp

int

tpulse

EpuISE

Ebegin - stgp

Pretreatment measured current =i, - iy

I —
Start of scan t
Figure 4.5 An overview of a differential pulse waveform. [81]

With the optimal DPV parameters a concentration study was performed, three replicate measurements
were made for each VF and DVF concentration. The average was taken and used to create an analytical
curve by least square’s linear regression method. A threefold and tenfold of the standard deviation of the
peak currents (n = 10) of the lowest measurable concentration were taken ,and divided by the slope of
the corresponding concentration dependence to assess limit of detection (LOD) and limit of quantification
(LOQ), respectively.

Furthermore, the intra-day (n=10) repeatability of the method was investigated. The effect of stirring and
thirty second reapplication of the pretreatment were investigated. A scan rate study of VF and DVF was
performed with LSV. This was performed to determine if the reaction is diffusion oradsorption controlled.

Several interfering compounds typically present in biological fluids were investigated. A 500-fold excess
of inorganic ions (Na*, K*, Ca%*, Mg?*, CI, HPO4%), sucrose and glucose and their effects on the DPV
response were examined. Furthermore, the effect of dopamine, citric acid and ascorbic acid in the

22



following concentrations were investigated: 1:1,1:10, 1:25, 1:50, 1:100. Any interferent was insignificant
if intensity was changed by less than 10%. The effects of synthetic urine, synthetic serum and river water
on the detection method were investigated as well. The synthetic urine, serum and river water samples
were spiked with 50 uM VF or DVF and subsequently diluted in the desired supporting electrode. The
following concentrations were investigated, 25 uM, 10 uM and 5 uM. The standard addition method was
applied, with three aliquots of stock solution (100 pL of 1 mM), to determine the VF and DVF
concentrations.

4.3 Scanning electron microscopy (SEM)

A scanning electron microscope (JSM-6010LA) was used to investigate the sample surfaces in secondary
electron imaging mode at a voltage of 10 keV and 15 keV. The surface morphology of the different
electrodes (working, counter and reference) was examined at a magnification range from 500x to 25000x
and the built-in software (In Touch Scope) was used for the analysis of the SEM images. To determine the
grain size of the grown BDD films, four different images were taken per sample, and 10 random grains
were measured from each electrode.

4.4 Raman spectroscopy

Raman spectroscopy (Horiba LabRAM HR setup) was used to assess the characteristics and composition
of the different BDD electrodes. The measurements were performed with a solid state laser corresponding
to an argon ion laser emitting at 514 nm wavelength, a slit of 100, a hole of 1000, a ND filter of 50%, a
maghnification of 50x, and 3-5 accumulations with an acquisition time of 10 seconds. The number of
accumulations depended on the noise and spikes present in the curves, as they could be decreased by
averaging them out. Several locations were investigated on each electrode in a spectral range of 200 cm™
to 20007 to determine boron doping levels and sp? content.
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5 Results and discussion

5.1 Free standing electrode characterization

In this section, the FSE is characterized by SEM, Raman spectroscopy, and electrochemical tests. The
nucleation side and polished growth side of the FSE are investigated. The differences between the surfaces
are explored and clarified.

5.1.1 SEM

The SEM images displaying the surface morphology of the FSE electrode can be found in Figure 5.1A and
5.1B for the nucleation and polished growth side, respectively. By comparing the two different SEM
images, it can be seen that the crystals at the nucleation side are significantly smaller than the crystals at
the growth side. This is due to growth at the nucleation side beginning with small crystals grown from
seeded nanodiamonds. As growth progresses, these crystals merge together, resulting in larger crystals
which continue the growth. This will lead to an increase in grain size and a decrease in the amount of grain
boundaries. The nucleation side has grain sizes ranging from 0.8 um to 4 um with an average size of 1.3
pum, whereas the growth side has grain sizes ranging from 60 pum to 130 um and an average size of
105 pm.

AE

5.1.2 Raman spectroscopy

The Raman spectra of the two sides of the FSE provide insight into the composition of the carbon material
the electrode is made of. Three distinct peaks can be observed in the Raman spectrum of the nucleation
side in Figure 5.2A, and only one major one for the growth side in Figure 5.2B. The peak at a Raman shift
of circa 1332 cm™ corresponds to diamond (sp® carbon), the broader peak (the G band) between
1500 cm* and 1600 cm™ indicates the presence of a variety of non-diamond carbon phases (sp? carbon).
Qualitative information onthe composition of the FSE sides can be determined from these Raman spectra,
mainly the diamond quality factor and an estimate for the boron doping levels. The diamond quality factor
is found by utilizing the following equation: fq =75 14/ 75 l4+3Ilha, Where lgis the Raman diamond peak
area and and Ingthe sum ofthe Raman sp? phase peak areas [82]. The boron doping level can be evaluated
using a tool developed by Mortet et al. [83]. This tool allows for the evaluation of Raman measurements
by analysing two characteristic Raman peaks which are associated with the Fano-shaped maximum of
phonon density of states (1200 cm™) and zone-center phonon line of heavily boron-doped diamond (1330
cm).
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Figure 5.2 Raman spectroscopy of A) growth and B) nucleation side of the FSE.

The nucleation side has an diamond quality factor of 97.9%, whereas the growth side produces no visible
G-band (sp?). This difference in ratio can be explained by a difference in grain sizes observed in the SEM
images of Figure 5.1. The boron doping level of both sides are ~5-10'° atoms/cm3. This was unexpected as
Mintres declares a doping level of 3-10%° atoms/cm?3, one order of magnitude higher. The provided
samples thus have a lower level of boron doping than expected.

5.1.3 Electrochemical characterization of free standing electrode

The differences in electrochemical responses between the nucleation and polished growth surface are
studied using cyclic voltammetry of a alkaline electrolyte ( 0.1 M NaOH), neutral electrolyte (PBS), acidic
electrolyte (0.1 M H,SO4) and the redox markers [Fe(CN)e]>/* and [Ru(NHs)s]3*/%* (both 1 mM) in 0.5 M
KNOs. The results for the potential windows (limits are defined as when the current response reaches
~+30 nA) and double layer capacitance values for each electrolyte can be found in Table 5.1. Two trends
can be observed: a lower pH shifts the potential window to a more positive range and the nucleation side
has a smaller double layer capacitance and larger potential window overall. This could be due to the lower
boron doping levels observed in the samples, which changes the effect of the sp? content. The larger sp?
content could possible lead to a larger potential window, as was also observed in other lower boron doped
diamond electrodes [84].

The hydrogen (HER) and oxygen (OER) evolution reactions of water determine the width of the potential
window. The kinetics and efficiency of these reactions depend on the concentration of H*and OH  ions. A
large amount of H* will ease the HER and a large amount of OH™ will ease the OER. The shift in pH thus
changes the concentration of H* and OH™ and with the location of the reactions.
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Table 5.1. Electrochemical parameters obtained from CV measurements conducted in several supporting
electrolytes.

0.1 M NaOH PBS 0.1 M H,S04

Nucleation side

Available potential -1.35 - +1.05 -1.15 - +1.95 -0.8—+2.0
range (V)
Potential window (V) 2.4 3.1 2.8
Cai (LF/cm?) 6.1 4.4 4.4
Growth side
Available potential -1.35-+1.05 -1.35-+1.6 -0.7 —+1.92
range (V)
Potential window (V) 2.4 2.96 2.62
Cal (MF/cm?) 66.9 41.8 33.0

Several electrochemical parameters can be acquired from the [Fe(CN)s]3*’* and [Ru(NHs)s]3*/%* redox
reactions, these are the differences between the cathodic and anodic peak potentials (AE,), peak heights
(15, Ic) and peak ratios (I.//.). Table 5.2 summarizes the results for these characteristics for an untreated
BDD surface. The main difference between the nucleation and growth side lies in the peak heights and
peak ratios. For the nucleation side, the intensities of the responses (I, and I¢) are higher due to a higher
conductivity, although the ratios between the peaks are similar. If this ratio where to be equal to 1 an
ideal reversible process would be taking place. This is not the case, this indicates that the electron transfer
kinetics are hindered slightly on both surfaces, due to the surface characteristics. The values for the AE,
of ferrocyanide are are lower for the nucleation side, whereas the values for AE, of ferrocyanide are higher
for AE,. AE, is an indicator for the reversibility of the redox reaction. An AE, of 59 mV is the theoretical
value for an reversible reaction. A lower value indicates a slower redox process and is most likely due to
surface termination of the BDD electrodes which influence the reaction. This is further supported by the
difference between [Fe(CN)s]3>/* and [Ru(NHs)s]3*/2* on both electrodes. [Fe(CN)s]3>7/* is more sensitive to
the surface termination and is further off the ideal AE, value. This would indicate the presence of oxygen
groups at the surface.
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Table 5.2. Analytical results of CV from measurements of 100 uM [Ru(NHs)s]?*/* in 0.5 KNO3 and 100 uM
[Fe(CN)sP7* in 0.5 KNO3 on the nucleation and growth side of the FSE.

AE, (V) I (HA) la (HA) I/ 1
Nucleation side
[Fe(CN)g]3/* 0.253 -35.0 39.6 0.88
[Ru(NH3)g]3+/2* 0.359 -57.4 53.5 1.07
Growth side
[Fe(CN)g]37* 0.278 -32.9 37.3 0.88
[Ru(NH3)g]3+/2* 0.303 48.1 45.8 1.05

As mentioned in section 5.1, the results of the scan rate study with [Ru(NHz)s]3*/%* were employed to

calculate the effective surface area of the electrodes. This value is important for the comparison of
different electrodes in section 5.4. Figure 5.3 shows the results from the study. By employing the Randles-
Sevcik equation an effective surface area of 23.2 mm? and 18.9 mm? were determined for the nucleation
and growth, respectively. The value for the nucleation side is larger than its geometric area, this could be
explained by the unevenness ofthe surface. The surface is not perfectly flat and as such this could increase
the effective surface area. For the growth side the surface is slightly smaller than the geometric area of
19.6 mm?, it is possible parts of the electrode surface are incapable of interacting with the solution due

to fouling.
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Figure 5.3. Scan rate study results for A) the growth side and B) the nucleation side of the FSE with [Ru(NH3)sF"?*
redox probe with scan rates varying in the range 10-250 mV//s.
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5.2 Detection of DVF and VF on free standing electrode

In this section, the electrochemical characteristics of VF and DVF are studied. An optimized
electroanalytical detection method is created and the effect of several interfering compounds is explored.
Further, the applicability of the developed method is investigated by investigating the compounds in
synthetic serum, synthetic urine and river water.

5.2.1 Effect of surface termination and pH media

To investigate the effects of surface termination the redox marker [Fe(CN)s]37/# is employed. As mentioned
in Section 2.6., the reaction of [Fe(CN)s]3*/* is of an inner-sphere nature and the surface termination has
significant influence on the electron transfer kinetics of [Fe(CN)¢]37/4. The presence of oxygen groups with
negative dipole moments created by anodic pretreatment (O-BDD) will repel the negatively charged ions,
whereas a cathodic pretreatment (H-BDD) with positive dipole moments has the opposite effect. This
corresponds with a shift in AE,; anodic pretreatment will increase it, while cathodic pretreatment will
decrease it. This can be observed in Appendix A.1.

The CVs of VF and DVF were recorded in three distinct media (0.1 M H,SO4, 0.01 M PBS of pH 7.4,0.1 M
NaOH), encompassing two surface terminations (H-BDD, O-BDD) as well as the two surfaces (polished
growth side, GS and nucleation side, NS), selected surface recordings with the best results are illustrated
in Figure 5.4 (for others see Appendix A.2. and A.3.). It can be seen that VF provided two oxidation peaks
at +1.30 V, +1.45 V in acidic media and one at circa +1.30 V for neutral media on all electrodes. DVF
provides no oxidation peak for any O-BDD surface and only limited responses on H-BDD surfaces in acidic
medium. Furthermore, no reduction peak is present in any CV, this implies all oxidative reactions of VF
and DVF are irreversible in these conditions. The peak potentials (l,) for the DPV measurements can be
found in Table 5.3.

Table 5.3. Peak potentials of peaks present in DPV measurements of 100 uM VF and 100 uM DVF in selected
electrolytes and with different surface characteristics.

Electrolyte Surface Ip (LA) Ratio NS/GS
100 uM VF
Peak 1 Peak 2 Peak 3 Peak 1 Peak2 Peak3
H-BDD-GS 5.8 0.6 -
0.1 M H,S04 H-BDD-NS 5.5 4.7 - 0.95 783 i
H 0. - -
(pH 0.6) O-BDD-GS 2.7 7.1 3.1 3.00 121 252
O-BDD-NS 8.1 8.6 7.8
H-BDD-NS 3.0 -
PBS O-BDD-GS 1.4 4.79
O-BDD-NS 6.7
100 pM DVF

0.1 M H;SO; H-BDD-NS

(H 0.6) 2.4 -

In addition, to ascertain the optimal surface between growth and nucleation side the DPV curves are
displayed in Figure 5.4 B, D. An additional peak for VF is visible on the O-BDD surface at +1.6 V. Overall,
the nucleation sides provided superior current peak heights to the growth side for VF, as can be seen
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in Table 5.3. A possible explanation is the superior conductivity of the sp? carbon present at the
nucleation side. As mentioned before, this improves the rate of electron transfer kinetics and can thus
lead to higher peaks. The decision was made to continue all further tests on the nucleation side of the

FSE.
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Figure 5.4 Selected CV (A, C) and DPV (B, D) of 100 uM VF recorded on O-BDD-NS (A, B) and 100 uM DVF recorded
on H-BDD-NS (C, D) and measured in various supporting electrolytes. The dashed lines correspond to the

supporting electrolyte.

5.2.2 pH study

0.4

0.8 1.2
Applied potential [V]

1.6

2.0

The results of the DPV curves from the pH study can be seen in Figure 5.4 and noticeable differences are
present between the different surface terminations. The characteristics of the oxidative peaks depend
heavily on pH of the solution, which is evident in Figure 5.5. Which technique used, pH range — what types

of supporting electrolytes (BRB, NaOH, H2S04, etc.)
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Figure 5.5 The results DPV measurements for the pH study of (A, C) 100 uM DVF and (B, D) 100 uM VF on (A, B)
0-BDD-NS and (C, D) H-BDD-NS surfaces.

Figure 5.5A demonstrates that there is no observable development of any oxidative peak on the O-BDD
surface for DVF. The hydroxyl groups most likely interfere with the electron transfer of the reaction and
thus limit detection. Figure 5.5C illustrates that detection of DVF on the H-BDD surface is possible in a
limited capacity. There is one peak at very acidic media add pH value and one peak at both pH 11 and 12.
The peaks in alkaline media are from the deprotonated version of DVF. These are negatively charged, and
thus would not appear on the O-BDD surface, as the negatively charged oxygen groups would repulse the
deprotonated DVF molecules. No such effect takes place for the H-BDD as the lack of negatively charged
O-groups makes it a more neutral surface, as can be seen in the difference between Figure 5.5A and Figure
5.5C. Furthermore, the peak developed in acidic medium is from a protonated version of DVF, a
protonated form of DVF exists until pH 8.5 (Appendix Figure A.4). One would anticipate that the O-BDD
surface would perform better for this molecule; however, as mentioned no reactions are discernible on
this surface. The hydroxyl groups of the O-BDD surface thus inhibit the reaction. A possible explanation is
the following, it has been noted that O-BDD surfaces are less conductive compared to H-BDD surfaces.
This reduced conductivity could impede the reaction.
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Figure 5.6 The dependences of peak currents (Ip) (A, B) and peak potentials (E,) (C, D) on the pH study on O-BDD (C,D)
and H-BDD (A,B) surfaces. Here VF-peak 1,2 and 3 are the peaks developed in acidic media from lowest to highest
potential, whereas peak 4 is the peak developed in alkaline media.

For VF, several observations can be made in Figure 5.5B,D. In acidic media, from pH 0.6 to 4.0, three
oxidative peaks are present on the O-BDD surface, while the H-BDD DPV curve records only two peaks in
this range. However, for both O-BDD and H-BDD the two peaks continue into neutral media until pH 7.0
and one peak even to pH 9.0 for O-BDD. In Appendix Figure A.5, it can be noticed that only a single VF
form exists in acidic media. The oxidation of VF most likely includes several sequential reactions which
each exhibits its own oxidation peak. In Figure 5.6D it can be observed that both peak two and peak three
have a clear linear shift to lower values on O-BDD surface. This relation can be expressed by the following
two equations.
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0-BDD: Ep(V) =-0.019-pH+1.383 R=0.991 (Eq. 5.1)
0-BDD: Ep3(V) =-0.014-pH+1.624 R=0.996 (Eq. 5.2)

Both slopes of -0.019 V/pH and -0.14 V/pH are far from the theoretical Nernstian slope of -0.059 V/pH for
redox reactions of an equal number of protons and electrons. This would suggest that these reactions
involve an unequal number of protons and electrons. According to Appendix Figure A.5, until pH 9 the
primary form (> 50%) of VF present in the solution is in protonated form. At higher pH (> pH 9.0) it will
shift to the neutral form and at a pH of 13 a limited amount (<10%) of deprotonated VF will be present.
This agrees with the observations of the linear shift and appearance of peaks one to three. However, peak
three disappears due to the shrinking potential window and peaks one and two slowly merge until they
become indistinguishable. For peak one an effectively stable peak potential is recorded between pH 1.0
to 9.0, this reaction is thus independent of the pH of the solution. At the peak developed in the alkaline
media and neutral form of VF is present (peak four in Figure 5.6). Only on the O-BDD surface is present an
observable peak from VF, which becomes almost indistinguishable in the OER of the solution. On the H-
BDD surface, the OER is already fully occurring, and no discernible peak is evident.

From the Figures 5.6C and D several observations can be made for the current peak heights of DVF and
VF. To begin with DVF, the pH analysis reveals the presence of only three peaks, with the highest peak
occurring at pH 0.6 in 0.1 M H,SO,4 compared to the peaks in the alkaline media. This lead to selection of
pH 0.6 as the optimal condition for further voltammetric experiments and optimization.

Progressing to VF on the H-BDD surface, a certain degree of inconsistency in the peak currents of the two
peaks is observed. These inconsistent results stem from the gradual merging of these peaks, making it
challenging to differentiate the individual contributions to the signal. Distinguishable peak currents only
manifest at lower pH values below pH 3.0. Small differences are present for VF on O-BDD surface. The
larger potential window allows for the visibility of a third oxidative peak of VF. The third peak is visible for
pH 1.0 to 4.0 afterwards the windows shrinks and the OER is already taking place. The peak currents of
the three peaks decrease as the pH increases. This trend continues for peak three until disappears and
for peak one and two until they coalesce at pH 7.0. These observations stresses the superior
characteristics of VF on O-BDD surfaces due to the greater peak heights (> 50% ) and greater
independence between peaks (0.150 mV for H-BDD and 0.180 mV for O-BDD). In light of these findings,
the decision is made to advance with VF in 0.1 M H,SO, at pH 0.6 for further testing and experiments.

5.2.3 Scan rate study

In Figure 5.7, the results from the LSV of 100 uM VF and DVF on O-BDD and H-BDD, respectively, are
depicted — LSV at different scan rates — range — this information is missing in the text. It can immediately
be noticed that the voltammogram of VF only has two visible peaks while in the previous DPV three
distinct peaks could be seen. As DPV is a more robust detection method overall, more distinct peaks can
be detected and even distinguished from the OER. For DVF, one peak is present over the entire scan rate.
The peak currents of all the curves increase linearly with an increase in the square root of the scan rate.
This can be seen in Figures 5.7A, B. The linear dependences are described by the following equations:

O-BDD - VF1:  I,(uA) =24.2 v¥/2-0.56 R=1 (Eq. 5.3)
O-BDD - VF2:  Ip(uA) =24.0 v¥2-1.12 R =0.999 (Eq. 5.4)
H-BDD - DVF:  I5(1A) = 11.5 v¥/2+0.13 R =0.998 (Eq. 5.5)
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Figure 5.7. (A,B) The results of LSV for the range of scan rates v of (A,C,E) 100 uM DVF in 0.1 M H,SO,(pH 0.6) on
the H-BDD and (B,D,F) 100 uM VF in 0.1 M H,50, (pH 0.6) on O-BDD surfaces. (C,D) the linear relation between
peak potential (I,) and square root of the scan rate (v*/?) and (E,F) The logarithmic dependences between peak
potential (log I,) and scan rate (log v) are given as well.
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These linear equations prove the diffusion controlled mechanism for the oxidation of VF and DVF on BDD
surfaces. Further evidence for this conclusion is the results of the log /, vs log v study, as seen in Fig. 5.8E
and F. The corresponding graphs have the following equations:

0-BDD - VFi:  log(lp(1A)) = 0.56 log(v) + 1.4 R=1 (EQ. 5.6)
0-BDD-VFy:  log(ly(1A)) = 0.62 log(v) + 1.42 R =0.9998 (EQ. 5.7)
H-BDD - DVF:  log(/p(1A)) = 0.47 log(v) + 1.06 R =0.9991 (EQ. 5.8)

The slopes obtained from this analysis are all close to the theoretical value of 0.5 for diffusion controlled
processes (1.0 for adsorption controlled processes).

Additionally, an analysis of the different peak potentials revealed a small but notable elevation in their
values as the scan rate increased. This was the case for both VF peaks on O-BDD and the DVF peak on H-
BDD. This behavior strengthens the earlier observation from section 5.2.1, where no reduction peaks
indicated an irreversible voltametric behavior.

5.2.4 DPV parameter optimization

With the optimized conditions (pH, surface termination) determined in Section 5.2.3, the DPV parameter
optimization can be performed on 100 uM of compound, according to the method outlined in
Section 4.2.3. First The final parameters chosen for detection are: (i) a step size (Es) of 15 mV, a modulation
amplitude (A) of 115 mV and a modulation time (t) of 10 ms for VF in 0.1 M H,SO4 (pH 0.6) on O-BDD; and
(i) a step size (Es) of 15 mV, a modulation amplitude (A) of 200 mV, and a modulation time (t) of 20 ms
for DVF in 0.1 M H,SO4 (pH 0.6) on H-BDD. The results of the optimization are illustrated in Figure 5.9,
and the increase of the peak potentials can found in Table 5.4. For the DPV curves of the optimization of
the individual parameters refer to Appendix Figure A.6.

Table 5.4. Peak potentials of peaks before and after DPV parameter optimization of 100 uM VFin 0.1 M H ;5S04 on
0O-BDD-NS and 100 uM DVF in 0.1 M H,50, on H-BDD-NS.

Initial /I, (LA) | Improved /, (pLA) | Ratio (new/old)
100 uM VF in 0.1 M H,SO,4 on O-BDD-NS
Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 | Peak 1 Peak 2 Peak 3
7.9 8.4 7.8 37.8 41.8 47.2 4.78 4.98 6.05
100uM DVF in 0.1 M H,SO, on H-BDD-NS
3.2 21.5 6.72
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Figure 5.8. The DPV curves with the optimized parameters (solid blue curve) and the initial DPV settings (dashed
orange curve) for (A) 100 uM DVF in 0.1 M H,SO,4 (pH 0.6) on H-BDD and (B) 100 uM VFin 0.1 M H,SO4 (pH 0.6)
on O-BDD.

5.2.5 Stability testing

Stability testing is performed under the optimized conditions for 100 uM DVF in 0.1 M H,SO4 (pH 0.6) on
H-BDD and 100 uM VF in 0.1 M H,SO4 (pH 0.6) on O-BDD. The effects of (i) no actions, (ii) stirring, and (iii)
stirring with pretreatment are all investigated. The pretreatment was an in-solution 30 second application
of either anodic (O-BDD) or cathodic treatment (H-BDD). In Figure 5.9 the effects of these actions on the
peak currents are displayed, and in Table 5.5 the decrease and RSD of the peak potentials can be found.

A gradual decrease in peak current can be observed in Figure 5.9 for both DVF on H-BDD and VF on O-
BDD electrode, when no action is performed between the consecutive scans. This indicates electrode
fouling is taking place, the surface treatment is steadily lost as more scans are performed on the
pretreated surface.

The decrease in the peak current is less pronounced when a simple stirring action is taken. For DVF on H-
BDD a significant drop takes place after the first scan. Further, a smaller continuous drop takes place after
the first treatment. No such large decrease is present after the first scan in case of VF on O-BDD surfaces,
in contrast a gradual decrease takes place over the ten scans. The incorporation of all actions, thus stirring
and electrochemical pretreatment, leads to a stable overall signal for both compounds on the two
surfaces. The detection of for both VF on O-BDD surfaces and DVF on H-BDD surfaces yields a highly
repeatable signal. Combined with the lack of surface modifications make the surface easily reactivated
with only limited in-solution actions
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Figure 5.9. Relative peak height (1, re;) of 100 uM VF in 0.1 M H,S04 (pH 0.6) on O-BDD for (A) peak 1, (B) peak 2
and (C) peak 3. (D) 100 uM DVF in 0.1 M H,S04 (pH 0.6) on H-BDD. Ten DPV measurements were acquired for
three scenarios: consecutive scans, only steering the solutionbetween scansand bothsteering and in-solution pre-
treatment step between scans (30 s at +2 V for anodic pretreatment or -2 V for cathodic pretreatment).

Table 5.5. Intra-day stability of the VF and DVF signals for ten measurements recorded on the BDD electrodes,
either consecutive scans, with stirring the solution between scans, or with stirring and in-solution pre-treatment
step between scans (30 s at +2 V for anodic pretreatment or -2 V for cathodic pretreatment).

Peaks | Consecutive scans (decrease) | Stirring (decrease) | Pre-treatment step (RSD)
100 UM VF in 0.1 M H2S0O4 (pH 0.6) on O-BDD

Peak 1 77.4 23.2 1.4%

Peak 2 68.9 17.2 0.8%

Peak 3 59.8 12.8 0.8%

100 uM DVF in 0.1 M H2S04 (pH 0.6) on H-BDD

DVF peak 83.3 55.1 2.1%
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5.2.6 Concentration study

The parameters optimized in section 5.2.4 were used to conduct the concentration study into VF and DVF.
In Figure 5.10, DP voltammograms are depicted, and the resulting
concentration-to-current curves are presented in Figure 5.11. These curves were utilized to determine the
LOD and LOQ which are detailed in Table 5.6, alongside the curve’s analytical parameters.

Both VF and DVF exhibit two linear ranges with similar behavior. Initially, the peak current increases from
2.5 uM up to a concentration of 75 uM for VF and 150 uM for DVF, followed by a gentler increase until
stagnation of the peak current is reached.

140 250 uM 5puM
A 0O-BDD-NS B O-BDD-NS
120 A
20 A
90 A
g 3
o g
3 3
T T T 0 T T T 0.1uM
0.9 1.2 1.5 1.8 0.9 1.2 1.5 1.8
Applied potential [V] Applied potential [V]
350 uM
C 100+
H-BDD-NS
80

Current [pA]

0.8 1.0 1.2 1.4
Applied potential [V]

Figure 5.10. The results of the DPV curves for the concentration study into of (A) VFin 0.1 M H,SO4(pH 0.6) on O-
BDD and (C) DVF in 0.1 M H,S0O4 (pH 0.6) on H-BDD, with a zoom to the lower concentration levels for (B) VF.
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Figure 5.10. The linear ranges found during the concentration study for (A) VFin 0.1 M H,SO,4 (pH 0.6) on O-BDD
and (B) DVF in 0.1 M H,SO, (pH 0.6) on H-BDD.

The results obtained for DVF on H-BDD are similar to the performance of carbon electrodes in prior studies
as seen in Table 2.2. However, these electrodes had to undergo a complex modification and
manufacturing procedure to prepare their surfaces. On the other hand, VF performed similar in the LOD
to the MWCNTs/ CILE/carbon paste electrode [39] and MWCNT/RTIL [43] , and worse for the LOD and
linear range than the other carbon electrode designs in Table 2.2. Nevertheless, these electrodes contain
either catalysts or other surface depositions. Thus complicating reapplication of the surface characteristics
after fouling, for the O-BDD electrode a simple in-solution anodic treatment of 30 seconds is sufficient.

In either case the BDD electrodes are capable of performing their purpose for VF and DVF sensing. As
mentioned in the literature review, the concentration of VF and DVF in blood serum are 0.9 £ 0.5 uM and
0.95 + 0.55 uM, respectively. This aligns with the LOQ of VF on O-BDD and DVF on H-BDD.

Table 5.6. The analytical parameters from the concentration study results into VF in 0.1 M H,SO,4 (pH 0.6) on O-
BDD and DVF in 0.1 M H,SO, (pH 0.6) on H-BDD.

Linear range (UM) Intercept (UA) Slope (A/M) R | LOD (uM)  LOQ (uM)
O-BDD VFin 0.1 M H,SO,
Peak 1 2.5-75 0.543 0.546 0.995 0.90 574
75-175 19.183 0.278 0.999 | )
Peak 2 2.5-75 -0.0485 0.625 0.997
0.29 0.89
75-175 27.636 0.236 0.999
Peak 3 2.5-75 5.467 0.708 0.988 0.14 0.42
75-250 31.938 0.234 0.998
H-BDD DVF in 0.1 M H,S0,
2.5-150 -0.055 0.226 0.998 0.34 1.04
150-275 21.573 0.080 0.995
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5.2.7 Interference study

Figure 5.11 illustrates the effects of the investigated interferents on the VF and DVF peak currents at 10
UM concentrations. It is evident that the signals remain within tolerable + 10 % levels for the following
interferents: citric acid (50 -1000 uM in 0.1 M H,S04), sucrose (5 mM in 0.1 M H,SO4) and glucose (5 mM
in 0.1 M H,S0O4). However, the ascorbic acid oxidation peak (partially) overlaps with DVF and VF peaks one
and two. This results in a recoverable signal up to 100 uM ascorbic acid for DVF and combining the curves
for VF peak one and two with the ascorbic acid peak at all concentrations . On the other hand, peak three
from VF experiences minimal disturbance from ascorbic acid. Considering that ascorbic acid naturally
occurs in the human body within the range from 10 uM to 115 uM [85], it allows DVF to remain unaffected

for testing with human samples.
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Figure 5.11. The recovered peak heights of (A) 10 uM DVF in 0.1 M H,50, (pH 0.6) on H-BDD and 10 uM VF, peak
(B) 1, (C) 2 and (D) 3, in 0.1 M H,50, (pH 0.6) on O-BDD after introduction of several interfering compounds

Dopamine had a limited effect on VF detection. At concentrations of 250 uM the first major effects were
noticed, well above the body’s concentrations (< 0.1 uM). On the contrary, the peak for dopamine
interferes with DVF measurements, leading to a lower recovered value of only 56 %. The inorganic salts
had a negative effect on the performance of the electrode, with only Na;HPO, among the tested salts
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showing no interference with DVF results. For VF, recovery rates reach a maximum of 70 % (peak 1).
Hence, it should be noted that detecting VF and DVF in human plasma, serum and urine samples will most
likely incur difficulty due to the natural presence of salts. Even when electroanalysis in human samples
includes dilution of the salts with the supporting electrolyte to adjust pH.

5.2.8
The selected

Investigation into synthetic urine, serum and river water

from VF and DVF synthetic urine are displayed in
Figure 5.12A, B, the other voltammograms (1:1 and 1:9 ratio) can be found in Appendix Figure A.7. Within
the figure, an additional peak can be seen at ~+0.65 V for H-BDD surface and ~+0.85 V for H-BDD surfaces.
This is a result of the presence of uric acid, as the salts and urea are non-electroactive and do not manifest
directly in voltammetric curves. The results from the standard addition method are given in Table 5.7. In
Appendix Figure A.10A and Figure A.11, the graphical quantification of the standard addition method for
river water can be found. It isimmediately apparent that both VF and DVF are sensitive to the interferents
present. For DVF, although peaks are observable (See Figure 5.12A.), no recoverable concentration were
found for the 1:1 and 1:4 ratios. For the 1:9 ratio a recovery rate of only 64% was achieved. VF
performance is slightly better, with a recoverable concentrations identified for all ratios. Nevertheless,
these recovery rates range from 40 % for the 1:9 ratio to 243 % for 1:4 the ratio. These results are
undesirable, as it is not possible to accurately recover the original concentration.

results testing in

Table 5.7. The results of the found concentrations of VF on O-BDD and DVF on H-BDD in synthetic urine, synthetic
serum and river water samples using the standard addition method.

Compound | Spiked(uM) | Found(uM) Recovery (%)
Synthetic urine
Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3
VFonO-BDD |5 2.0 1.9 4.8 40 37.6 96
10 12.4 12.3 23.5 124 123 235
25 34.1 30.6 60.9 136 122 243
DVF on 5 3.2 64
H-BDD 10 - -
25 - -
Synthetic serum
VFonO-BDD |5 12.5 33.8 7.4 250 676 148
10 47.6 76.1 30.6 476 761 306
25 54.6 72.6 32.8 218 290 131
DVF on H-|5 - -
BDD 10 - -
25 - -
River Water
VFonO-BDD |5 7.68 6.34 17.4 153 127 348
10 14.3 13.7 22.4 143 137 224
25 43.083 43.083 | 81.5 172 172 326
DVF on H-|5 5.8 114
BDD 10 2.9 29
25 13.3 53.2
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Furthermore, the obtained DPV of DVF and VF in synthetic serum (1:4 synthetic serum electrolyte ratio)
can be found in Figure 5.12C, D, the other voltammograms (1:1 and 1:9 ratio) can be found in Appendix
Figure A.8. In Appendix Figure A.12, the graphical quantification of the standard addition method for VF
in synthetic serum can be found. For VF on a O-BDD surface a high intensity peak appeared around +0.9
V, this can be explained by the presence of electroactive and oxidizable amino acids present in the
synthetic serum. On the H-BDD surface a far poorer developed peak is present, it is possible the negatively
charged oxygen groups improve surface attraction and thus peak height for these reactions. However, it
is more likely DVF and the serum contents interfere with another. In previous literature no dependency
on surface termination was found for synthetic serum peak development [62]. This is also a possible
explanation for the lack of peak development for DVF, as can be seen in Figure 5.12C and Appendix
Figure A.8A, C. For VF the three peaks do develop in each ratio, however the recovered values are
significantly higher than desired. The closest value found near the spiked value is for peak 3 in a 1:1 ratio,
here a recovery of 131% occurred. It is therefore likely that matrix effects are occurring for VF as well. As
each VF peak partially overlaps with each other, changes in one peak due to matrix effects will affect the
others as well, this results in unpredictable results.

Figures 5.12E,F display the results for the detection of DVF and VF in river water (1:4 river water electrolyte
ratio), the other voltammograms (1:1 and 1:9 ratio) can be found in Appendix Figure A.9. In Appendix
Figure A.11B-D and Figure A.13, the graphical quantification of the standard addition method for river
water can be found. On the voltammogram of the H-BDD surface, no discernible peaks are evident, while
an observable peak at +1.5 V is visible for O-BDD surfaces. In the case of VF the found values exceed the
spiked values and also acceptable levels. This is most likely due to matrix effects, wherein the VF will react
with the contaminants in the river water, leading to a significantly higher recovery value ranging between
220% to 350%, as can be seen in Table 5.7. The recovery values for peak one and two are elevated as well
ranging from 127% to 172%. For DVF, a lower recovery value is observed for the 1:1 and 1:4 ratio,
attributable to the lower concentration of the electrolyte. As determined in the pH study, DVF is solely
detectable at extremely acidic pH levels, and dilution with river water results in a higher pH. For the 1:9
ratio a higher recovery value of 114 % is found, most likely due to a sufficient concentration of the
electrolyte. This is similar to the effect observed in VF, suggesting that the presence of river water
increases perceived concentrations.

5.3 Inkjet printing

5.3.1 Printing the diamond pattern

Various patterns have been created based on a commercially available electrode chip from Metrohm
DropSens and design concepts outlined by Ferrari et al. [69]. An overview of these designs can be found
in Figure 5.13, with an overview of the patterns after BDD growth in Appendix Figure A.14. All designs are
made to work with a standard DropSens connector cable. The wafers were pretreated by 12 seconds of
oxygen plasma. Longer treatment would result in excessive wetting of the surface and shorter in a failure
to for individual droplets to coalesce together.

To control the ejection of droplets, waveform tuning took place, a voltage wave was applied to fill and
eject ink from the nozzles. The built-in-drop window of the PIXDRO printer allowed for real time tuning.
For printing nanodiamond and silver nanoparticles, a voltage of 60 V was applied to the printhead. It
became apparent that the waveform had to tuned differently during each printing occasion, as different
moments required different parameters for droplet ejection and for prevention of satellite droplets. A
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purge cycle was required for both nanodiamond every couple of prints as the nozzles will clog are prone
to clogging.

3 mm
||

Figure 5.13. The designs for the BDD WE and CE in black. The spacing between the CE and WE is 1.5 mm.

5.3.2 Characteristics of the BDD growth

5.3.2.1  Diamond growth from Hasselt University

In Figure 5.14B, a SEM image of one the Inkjet-printed electrodes after growth by Hasselt University is
displayed. The growth appears to be homogeneous and no significant breaks in the deposited BDD layers
are present. However, there seems to be spontaneous nucleation on areas where no nanodiamond
particles were seeded. This is characterized by the white spots between the BDD film motifs, on these
areas BDD is present and will interfere with the electrochemical sensing. The grain sizes of the
microcrystalline structure range between 0.8 to 3 um and have an average size of 1.3 um. An instance of
the crystal grain structure can be seen in Figure 5.14C, where the surface is marked by numerous
individual crystal structures. To verify the degree of boron doping on the surface, Raman spectra of the
BDD layers were obtained. In Figure 5.14A, an example of a typical graph for the inkjet-printed electrodes
is presented. Utilizing the analysis tool developed by Mortet et al. [83], boron doping levels exceeding
2.2:10%' cm™ were found, thus affirming the high boron content within the diamond material.
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Figure 5.14. (A) Raman spectrum of the BDD grown by MW-CVD at Hasselt University. (B) SEM image with an
overview ofthe patterned BDDelectrode. (C)SEM image of the assorted grain sizes present on the BDD electrodes.

5.3.2.2  Diamond growth by Institute of Physics of the Czech Academy of Sciences

Figure 5.15B displays a representative SEM image of one of the inkjet-printed electrodes after growth by
Institute of Physics of the Czech Academy of Sciences. The growth of the BDD film is discontinuous,
featuring several areas of inadequate growth. The print seems to be affected by the Marangoni effect, as
evidenced by the visible print lines with poorly seeded areas connecting them. The absence of an uniform
film impedes current flow, resulting in poor conductivity. It is likely that a higher seeding density could
have prevented this issue, and one method to achieve that is by using a higher concentration of
nanodiamond ink. In Figure 5.15C, it is also evident that the grains in the BDD film grown in Prague are
sub-microcrystalline, with sizes ranging from 0.1 to 0.5 micrometers and an average size of 0.2
micrometers. In a manner similar to the previous section, Raman spectra were acquired for the BDD films
of the electrode chips. Employing the Raman analysis tool of Mortet et al. [83] on the Raman spectral data
shown in Figure 5.15A, the boron doping levels of the electrode chips were quantified. The film exhibited
a high degree of boron doping, beyond 2.0-10%* cm™ in boron content. These films are thus highly boron-
doped diamond.
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5.3.3 Printing of the silver reference electrode
An issue that afflicted the previous electrode chips fabricated by Liu et al. [14] is the inadequate adhesion

of the silver reference electrode resulting in delamination during handling and voltammetric testing. The
electrode was placed on a hotplate for 10 minutes at 300 °C to anneal to silver and enhance adhesion. In
Figure 5.16A, an electrode chip featuring the silver reference electrode after ten minutes on a hotplate is
presented. The metallic appearance clearly indicates a silver electrode. However, by examining the SEM
image of Figure 5.17A the surface morphology is revealed. The electrode still exhibits small gaps between
the silver, likely attributable to the locations where ink solvents were present during the drying process.
To improve the adhesion a more extended annealing process is required. A longer heat treatment is
required; however, excessive treatment will results in the transformation of silver into silver oxide. An
example of a silver oxide reference electrode can be seen in Figure 5.16B, where the silver oxide is

distinctly white as opposed to the metallic color of silver.

An alternative method is to transition from the hotplate to a vacuum oven, thereby reducing the presence
of oxygen during the annealing process. Three different durations were investigated: 30 minutes, 60
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minutes and 120 minutes in the vacuum oven at 250 ° C. The outcomes of these experiments can be seen
in Figure 5.16C-E. After 120 minutes, the reference electrode exhibits a non-metallic white sheen to it and
undergoes a conversion to silver oxide, this observation is further supported by the comparison of SEM
images B-Din Figure 5.17. Namely, between the 10 min hotplate, 30 min oven and 60 min oven treatments
the silver electrode appears amalgamate. However, a shift in the surface morphology occurs with 120
minute test, most likely due to the presence of silver oxide.

Both the 30 min oven and 60 min oven treatments were tested on their adhesion. Several CV scans were
applied to the electrode chip and basic handling maneuvers were performed, such as insertion into the
connector cable and placing it into the chip holder. During the scans no noticeable delamination took
place for either chip. However, the 30 min treatment electrode would delaminate when exiting the
connecter cable for the potentiostat. Therefore the 1 hour vacuum oven time is the recommended

treatment method.
B mc ID I E

Figure 5. 16. Images of the silver RE after (A) 10 min treatment at 300 °C on a hotplate, (B) 20 min treatment at
300 °C on a hotplate, (C) 30 min, (D) 60 min, (E) 120 min in a vacuum oven at 250 °C.
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Figure 5.17. Acquired SEM images of the silver reference after 10 min treatment at 300 °C on a hotplate (A), 30
min (B), 60 min (C) and 120 min (D) in a vacuum oven at 250 °C.

5.3.4 Electrochemical characterization

To test the viability of the electrode chips for electrochemical detection of DVF and VF an electrochemical
characterization had to occur. Sadly, during characterization it became apparent that the inkjet-printed
electrodes would not be capable of performing the required voltammetric experiments. The results were
mostly inconsistent and repeatability was poor, an example of a good result from a chip grown by Hasselt
University is displayed in Figure 5.18. However, most cyclic voltammograms are similar to the curve in
Figure 5.18B. This confirms the observations made in the SEM images in section 5.3.2, spontaneous
nucleation on- and boron doping of the substrate has taken place. As a consequence, short circuits
become prevalent.

A similar problem occurs for the electrode chips grown by the Institute of Physics of the Czech Academy
of Sciences. This is best illustrated by the CVs of [Ru(NHz)s]3*/2* in KNO3 presented in Figure 5.19. No useful
data can be obtained from these measurements. A probable cause is the discontinuous film of the chips
as seen in section 5.3.2. The current is unable to flow through the CE and WE leading to poor results.
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Figure 5.18. Selected cyclic voltammograms recorded on the BDD electrode chips grown by MW-CVD at UHasselt.
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Figure 5.19. Selected cyclic voltammograms recorded on the BDD electrode chips grown by MW-CVD at Institute

of Physics of the Czech Academy of Sciences in Prague. 1 mM of [Ru(NH3)s**/?* in 0.1 M KNO; electrolyte.
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5.4 DropSens electrode

In this section, the DropSens (DP) electrode is characterized by SEM, Raman spectroscopy, and
electrochemical tests. The boron doping, carbon content and effective surface area are determined. Then
a comparison is made between the detection of DVF and VF under optimized conditions for the FSE and
DP electrode, and in the end the LOD and LOQ of the DropSens are investigated.

5.4.1 DropSens electrode characterization

In Figure 5.20A the Raman spectra for the DP electrode can be found. Similar to the the previous BDD
Raman spectra, a G-band indicating amorphous carbon and a peak fordiamond are present. The diamond
quality factor was 97.4% and determined by the following equation: fq=7514/ 75 l4+3 .4, Where |4 is the
Raman diamond peak area and and l,qthe sum of the Raman sp? phase peak areas [82]. The tool
developed by Mortet et al. [83] is employed to find a boron doping content larger than 2.0-10%°
atoms/cm?, this corresponds to highly boron doped diamond.

The circular WE can be seen in Figure 5.208B, it is a continuous area and no major defects are present. The
surface morphology has repeated spherical structures with are made out of small diamond crystals, as
can be seen in Figure 5.20C. These grains are sub-microcrystalline with an average size of ~500 nm.
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Figure 5.20. (A) Raman spectrum of the DropSens electrode. (B) SEM image with an overview working electrode.
(C) SEM image of the grain structure present on the working electrode.
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To be able to compare the FSE and DP electrode to each other the effective surface area has to be known.
This allows for the normalization of the peak current values to peak current density values. To determine
the effective surface area a scan rate study with [Ru(NHs)s]3*/2* was performed. The Randles-Sevcik
equation is used to determine an effective surface area of 6.8 mm?. The geometric surface area at
9.6 mm? is larger than the effective surface area. This could be explained by either the presence of
contaminants of the electrode or the surface morphology. Contaminants would block active sites available
for the reaction and thus reduce the effective surface area. The surface morphology of the electrode
consists of uneven complex circular spheres stacked together. This can lead to a larger diffusion layer at
some locations and they do not contribute as strongly to the measured current.
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Figure 5.21. Scan rate study results for the DropSens electrode with [Ru(NHs)sJ?*/?* redox probe with scan rates
varying in the range 10-250 mV/s.

5.4.2 DropSens concentration test

A concentration study with optimized DPV parameters was performed for DVF and VF onthe DP electrode.
The resulting DPV curves can be found in Figure 5.22. These were used for the determination of the LOD
and LOQ and these can be found in Table 5.8. For VF only two peaks are present, wherefor peak 1 can be
observed until a concentration of 5 UM and peak 2 until a concentration of 10 uM. This translates to a
LOD of 1.5uM and a LOQof 4.4 uM. For DVF a single peak is present. This peak is not very well developed
and is only present until a concentration of 50 uM and has an LOD of 8.0 uM and a LOQ of 24.1 uM.
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Figure 5.22. The results of the DPV curves for the concentration study into of (A) VF in 0.1 M H,SO4 (pH 0.6) on O-
BDD and (B) DVF in 0.1 M H,50, (pH 0.6) on H-BDD, with a zoom to the lower concentration levels for (B) VF.

Table 5.8. The results for the determination of the LOD and LOQ of VF in 0.1 M H,SO, (pH 0.6) on O-BDD-DP and
DVF in 0.1 M H,S0O, (pH 0.6) on H-BDD-DP.

LOD (uM) LOQ (uM)
0-BDD-NS VF in 0.1 M H,S04, Peak 1 1.9 5.8
0O-BDD-NS VF in 0.1 M H,S0O4, Peak 2 1.5 4.4
H-BDD-NS DVF in 0.1 M H,S04 8.0 24.1

5.4.3 Comparison between DropSens and free standing electrode

In Figure 5.23. an comparison between the peaks developed for 100 uM VF in 0.1 M H,SO4 (pH 0.6) on O-
BDD and 100 puM DVF in 0.1 M H,SO4 (pH 0.6) on H-BDD on the FSE and DropSens electrode can be
observed. For both DVF and VF the peaks are less well developed on the DP electrode and this results in
lower peak current densities as well. In Table 5.9. the difference in peak current densities between the
FSE and DropSens is given.

Table 5.9. The comparison between the FSE and DropSens electrode for 100 uM VF in 0.1 M H,50, (pH 0.6) on O-
BDD and 100 uM DVF in 0.1 M H,S0, (pH 0.6) on H-BDD-DP.

Peak I, FSE (MA/cm?) I, DP (pA/cm?) Ratio (FSE/DP)
VF peak 1 202.2 102.9 1.97
VF peak 2 223.3 54.7 4.08
DVF 96.6 42.6 2.26

The poorer peak development is also represented in the worse LOD and LOQ for the DP electrode
determined in Section 5.4.2. The LOD and LOQ for VF are factor ten higher for DP electrode compared to
the FSE electrode. This is in part due to the lack of peak 3 forthe DropSens electrode, which has the lowest
LOD for the FSE electrode. However, even for peak 2 it is a factor of 5 difference. For DVF, the LOD and
LOQ are 23 times as large for the DP electrode compared to the FSE.
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There are two main difference between the nucleation side of the FSE and the DP electrode which could
explain this difference: the surface morphology and the electrode size. The boron doping content is also
higher for the DP electrode, but this should not cause a poorer developed peak. The carbon content for
both electrodes is similar and will thus have a negligible effect on the performance. The surface
morphology and the electrode size can have an effect on the diffusion profile of DVF and VF. A thicker
layer could be present on the surface and the DP electrode could thus have a poorer developed peak
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Figure 5.23. The Comparison forthe DPV curves for (A) 100 uM DVF in 0.1 M H,SO,(pH 0.6) on H-BDD and (C) 100
uM VF in 0.1 M H,S0, (pH 0.6) on O-BDD.
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6 Conclusions and recommendations

6.1 Conclusions

The goal of this master thesis work was twofold, namely to create an optimized detection method for the
pharmaceutical compounds VF and DVF on BDD electrodes and to apply this method to the detection of
VF and DVF on a three-electrode chip. The project was divided into two parts to achieve this goal: a
voltammetric study of VF and DVF on a robust and well-established free-standing BDD electrode (FSE) for
the creation of the optimized detection method and the fabrication of a three-electrode chip using inkjet
printing techniques which took place concurrently. The detection results following the optimized method
on the free-standing BDD electrode and a commercial three-electrode chip were compared.

For the FSE, the nucleation and growth sides were investigated and several observations were made. SEM
imaging and Raman spectroscopy revealed marked differences in the surface morphology and
composition. The growth side had significantly larger average grain sizes (~105 um) compared to the
nucleation side (~1.3 um). This was mainly due to nucleation being the start of the diamond growth on
the nanodiamond seeds and the growth side being the developed side of the diamond growth. These
differences in grain sizes had a noticeable effect on the sp3/sp? carbon ratio as well. The nucleation side
had a significant concentration of sp? carbon whereas the growth side had a negligible amount.
Nevertheless, analysis revealed no major difference in the boron dopant contents of the two different
surfaces. Their electrochemical properties were investigated as well. The nucleation side had higher peak
currents for the investigated redox markers whereas the low boron doping level in combination with the
higher sp? carbon content led to a lower background current.

The voltammetric study involving VF and DVF detection on the FSE was done to create an optimized
detection method and investigate the viability for practical applications. The pH study revealed the
optimized electrolyte conditions and electrode surface termination, i.e. 0.1 M H,SO4 (pH 0.6) for both DVF
and VF, and O-BDD for VF and H-BDD for DVF. The oxidative reaction of VF was expressed by three visible
DPV peaks, and the reaction of DVF by a single peak. A scanrate study revealed that all reaction processes
are diffusion controlled. Although testing revealed satisfactory analytical figures for DVF and VF
monitoring, additional tests with inorganic salts, synthetic urine and river water identified issues with
accurate recovery of spiked values. This would complicate the use in practical and clinical environments.

The successful creation of BDD three-electrode chips using inkjet printing was not achieved in this study.
The printing process itself was a success, the seeding of the substrates with a nanodiamond particle ink
was successful. However, both attempts at BDD film growth in a CVD reactor resulted in failures. High
boron doping levels (> 10% cm=3) and complex patterned growth did happen, yetin the first growth session
taken place at Hasselt University (Belgium) unwanted doping of the substrate led to short-circuiting,
whereas the second attempt at the Institute of Physics of the Czech Academy of Sciences (Czech Republic)
suffered from underdeveloped sections of BDD growth, most likely due to Marangoni flow and insufficient
seeding. This led to poor current flow in the electrodes resulting in problems with the voltammetric
graphs. Though, an improvement of the silver reference electrode was successfully achieved by utilizing
one hour of post-processing treatment inside a vacuum oven.

The comparison of VF and DVF detection between the commercial DropSens electrode chip and the FSE
revealed a worse performance for the DropSens chip. This chip had significantly higher LOD and LOQ
under the optimized parameters. This was likely due to the difference in surface morphology and surface
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area between the two electrodes. This could have an effect on the diffusion pattern and thus limit the
reaction on the DropSens electrode.

6.2 Recommendations for future research
An optimized DPV method for the detection of DVF and VF on BDD electrodes proved to be promising for

the detection of both compounds. The satisfactory analytical figures show that the method is a potential

mean for the testing in physiological fluids, however the large effects of interferents show there still is

room for improvement. Similarly, further optimization for the entire bottom-up fabrication process of
inkjet-printing of BDD electrodes is required. Therefore, several recommendations for future research are
detailed:

As further selectivity of the surface would most likely improve the detection of VF and DVF in
interfering compounds, the use of different types of surface modifications could be investigated.
This could involve nano-modifiers, which have a catalytic effect, or laser etching to create
nanopillars to enhance the surface area of the electrode. These procedures would most likely also
improve the detection limit of the sensors. This is required for detection in environmental samples
as these are mostly in nM concentration levels and thus not detectable with the current method.

The initial tests on the growth and nucleation surfaces revealed the effect of sp? carbon levels. A
more extensive investigation into how different sp? carbon contents can influence the detection
of VF and DVF is of interest. This can be combined with an investigation into the effects of boron
doping, where the interplay between boron levels and sp? carbon content is investigated.

BDD can be advantageously used for the degradation of pollutants, while the pollution of VF and
DVF in nature is an active problem. Therefore, research into the use of electrochemical advanced
oxidation processes for their degradation on BDD is an intriguing direction of novel research. This
could be combined into a single platform for both detection and degradation of the compounds,
where inkjet printing might facilitate the fabrication of the required BDD electrode chips regarding
the detection.

The BDD growth of the inkjet seeded electrode designs made clear the importance of seed
density. Different levels of diamond ink concentrations have to be studied to create a proper
method for a successful growth of uniform thin-film BDD. The effects of varying diamond ink
concentration on the quality and morphology of the BDD is an important consideration as well. A
combination with a systematic BDD growth study using the in-house CVD reactor would be ideal
as this would allow for tuning the seeding/growth parameters to desired electrode characteristics.

Further diamond ink optimization could ease the electrode manufacturing process. Clogging of
the inkjet nozzles and variable wettability of the substrate surface lead to delays in the printing
process. By further optimizing the ink for increased wettability with surfactants or different
solvents could improve performance. The use of a different nozzle less prone to clogging could
also be a solution.

Micro electrode arrays are grids of tiny micro electrodes used to record electrochemical current
signals. They have several advantages over classical electrodes, such as high spatial resolution. By
further minimizing droplet size and increasing printing resolution, inkjet printing could be ideal
for their manufacturing process. This would require further tuning of the print parameters and
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ink properties. It would also be helpful to remove the oxygen plasma treatment step, as this is an
inconsistent process for short treatment durations.
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8 Appendix

8.1 Supplemental figures
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Figure A.1. A scan rate study (10-250 mV/s) of [Fe(CN)sJ*”* on four different surface combinations: A) H-BDD-NS,
B) 0-BDD-NS, C) H-NDD-GS, and D) O-BDD-GS.

62



= N
|||||||| o ~N ————— .
o] -
fa)
llllllll [a] 4
- @ * -
0_. i
~
-
= = =
oE : ] 3
g 2% g
g H 8
¥ 2 °3
) =3
N : §
) =
= = 2
[=1 L=
mmm mmm g
)
1] JEI o i
] =
2 2 S ] = g b= a S =% 2 a g S a = =
= [wT] Juaung X h = T[] waing b [wm] uaundy
lllll.lli.l.!.-.b..lllllhllrlﬂll....lll w M W M
o - _r.__u ._.nm.._ w
8 |= 8 - u
@ 17 @
o T o
o - ]
- -
2 B =
B °E =
— =1 e
2 g S5
g g 2
ok g o
g X z
2 3 g
W w un
o = o
| | 1
< = <
wmw T mmW 0 7
| " | “
| -
W = = = = | = =1 =] = = = =) 1
= ™ i ~ 2 - N i T
< (W] JuaLng w [wT] Juawn W [wH] Juans




Figure A.2. Continued
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Figure A.2. (A, C, E, G) Cyclic voltammograms and (B, D, F, H) DP voltammograms of (A, B, C, D) 100 uM DVF and
(E, F, G, H) 100 uM VF recorded on (A, B, E, F) O-BDD-GS and (C, D, G, H)H-BDD-G S in varying supporting
electrolytes. The dashed lines correspond to the supporting electrolyte without any compound.
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Figure A.3 (A,C) Selected CVs and (B,D) DP voltammograms of (A, B) 100 uM DVF recorded on O-BDD-NS and
(C, D) VF recorded on H-BDD-NS, recorded in various electrolyte solutions. The dashed lines correspond to the

supporting electrolyte.
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Figure A.4. The effects of pH on the molecular form of DVF [86].
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Figure A.7. DPV curves recorded in synthetic urine samples diluted with 0.1 M H,SO,in 1:1 (A,B) and 1:9 (C,D)

ratio. Spiked with 25 uM (1:1) and 5 uM (1:4) of DVF (A,C) or VF(B,D) and followed by three standard additions of
100 uL, 1 mM VF or DVF. The dashed lines correspond to the diluted urine samples.
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Figure A.8. DPV curves recorded in synthetic serum samples diluted with 0.1 M H,SO,4in 1:1 (A,B) and 1:9 (C,D)
ratio. Spiked with 25 uM (1:1) and 5 uM (1:4) of DVF (A,C) or VF(B,D) and followed by three standard additions of

100 uL, 1 mM VF or DVF. The dashed lines correspond to the diluted serum samples.
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Figure A.9. DPV curves recorded in river water samples diluted with 0.1 M H,SO, in 1:1 (A,B) and 1:9 (C,D) ratio.

Spiked with 25 uM (1:1) and 5 uM (1:4) of DVF (A,C) or VF(B,D) and followed by three standard additions of 100 pL,
1 mM VF or DVF. The dashed lines correspond to the diluted river samples.
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Figure A.10. The graphical quantification of the standard addition method of spiked DVF on H-BDD-NS (5 uM,
5uM, 10 uM, 25 uM) in (A) 1:9 synthetic urine in 0.1 M H,SO4and (B) 1:1, (C) 1:4 and (D) 1:9 river water in 0.1
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Figure A.11. The graphical quantification of the standard addition method of spiked VF on O-BDD-NS (5 uM,
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Figure A.12. The graphical quantification of the standard addition method of spiked VF on O-BDD-NS (5 uM,
10 uM, 25 uM) in (A) 1:1, (B) 1:4 and (C) 1:9 synthetic serum in 0.1 M H,S0.,.
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Figure A.13. The graphical quantification of the standard addition method of spiked VF on O-BDD-NS (5 uM,
10 uM, 25 uM) in (A) 1:1, (B) 1:4 and (C) 1:9 river water in 0.1 M H,50,.
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Figure A.14. Digital microscopy images of the (A) circular, (B) interdigitated, (C) Line, and (D) circular with a hole
inkjet-seeded diamond electrode patterns after BDD growth by UHasselt.
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